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5 BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION: 

The present invention relates to a reflective 
liquid crystal display device and a liquid crystal 

10 display device operable both in a reflection mode and a 
transmission mode, and which are used for office automa- 
tion equipment such as wordprocessors and personal 
computers, mobile information devices such as hand-held 
computers, and VTRs integrated with a camera and having 

15 a liquid crystal monitor. The present invention also 

relates to a method for producing such liquid crystal 
display devices. In this specification, a liquid crystal 
display device will be referred to as an "LCD device". 
A liquid crystal display device operable both in a 

20 reflection mode and a transmission mode will be referred 
^ x to as a "transmission- and reflection- type LCD device". 



2. DESCRIPTION OF THE RELATED ART: 

LCD* ^devices do not emit light themselves unlike 
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CRTs (cathode ray tubes) and EL (electroluminescence) 
devices. Accordingly, transmissive LCD devices equipped 
with a backlight on a rear surface thereof are used. 

The backlight usually consumes 50% or more of the 
total power consumption of the LCD device. Some mobile 
information devices which are often used outdoors or 
constantly carried by the user include a reflective LCD 
device which includes a reflective plate and performs 
display using only the ambient light. 

Reflective LCD devices include TN (twisted 
nematic) mode devices and STN (super twisted nematic) 
mode devices which use a polarizer and are in a wide use 
as transmissive LCD devices today, as well as phase 
change (PC) guest-host mode devices which have been 
actively developed recently. The PC guest-host mode 
devices do not use a polarizer and thus realize brighter 
display. Such a device is disclosed in, for example, 
Japanese Laid-open Publication No. 4-75022 corresponding 
to United States Patent No. 5,220,444 and Japanese Laid- 
open Publication No. 9-133930. 



^yer, the PC guest-host mode LCD devices 
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perform display using optical absorption by dyes in a 
liquid crystal layer including liquid crystal molecules 
and the dyes dispersed therein. Accordingly, the phase 
transition guest-host mode LCD devices provide signifi- 
5 cantly lower quality than the TN devices and the STN 
devices using a polarizer. 

In LCD devices including the liquid crystal 
molecules aligned in parallel or in a twisted manner, the 

10 liquid crystal molecules at the center and in the vicini- 
ty of the liquid crystal layer tilt vertically to surfac- 
es of substrates. However, the liquid crystal molecules 
in the vicinity of alignment layers do not tilt vertical- 
ly to the surfaces of the substrates. Accordingly, the 

15 birefringence of the liquid crystal layer cannot be 0. 

Therefore, in the case where the LCD device operates in 
a display mode for performing black display when a 
voltage is applied, satisfactory black display is not 
performed due to the remaining birefringence. Thus, 

20 sufficient contrast ratio is not obtained. 

The TN mode and STN mode devices do not provide 
sufficiently high quality display in terms of brightness 
and contrast. Accordingly, further improvement in the 
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brightness and the contrast is demanded. 

Reflective LCD devices are disadvantageous in 
that the intensity of the reflected light used for 
display is lowered when the ambient light is dark. By 
contrast, transmissive LCD devices are disadvantageous in 
that the visibility is lowered when the ambient light is 
very bright, for example, outdoors on a fine day. 

SUMMARY OF THE INVENTION 

According to one aspect of the invention, a 
liquid crystal display device includes a first substrate; 
a second substrate; a liquid crystal layer interposed 
between the first substrate and the second substrate; a 
first polarizer provided on a surface of the first 
substrate which is on the opposite side to the liquid 
crystal layer; a second polarizer provided on a surface 
of the second substrate which is on the opposite side to 
the liquid crystal layer; a first phase compensation 
element provided between the first polarizer and the 
liquid crystal layer; and a second phase compensation 
element provided between the second polarizer and the 
liquid crystal layer. A plurality of pixel areas are 



- 5 - 



S98435 



provided for display. The first: substrate includes at 
least one transmissive electrode, and the second sub- 
strate includes a reflective electrode region and a 
transmissive electrode region in correspondence with each 
of the plurality of pixel areas. 

In one embodiment of the invention, each of the 
plurality of pixel areas has a reflective region for 
performing display using reflected light and a transmis- 
sive region for performing display using transmitted 
light, and the reflective electrode region defines the 
reflective region and the transmissive electrode region 
defines the transmissive region. 

In one embodiment of the invention, the liquid 
crystal layer has a retardation of zero when a molecular 
axis of liquid crystal molecules in the liquid crystal 
layer is substantially vertical with respfect to the 
surface of the first and second substrates, and the first 
phase compensation element and the second phase 
compensation element each have a retardation which 
fulfills X/4 condition. 



In one embodiment of the invention, the liquid 
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crystal layer has a retardation of a when a molecular 
axis of liquid crystal molecules in the liquid crystal 
layer is almost vertical with respect to the surface of 
the first and second substrates, and the first phase 
compensation element has a retardation which fulfills 
k/4-a condition. 

In one embodiment of the invention, the liquid 
crystal layer has a retardation of a when a molecular 
axis of liquid crystal molecules in the liquid crystal 
layer is almost vertical with respect to the surface of 
the first and second substrates, the first phase 
compensation element has a retardation which fulfills 
\/4-a condition, and the second phase compensation 
element has a retardation which fulfills X/4-(p-a) 
condition. 

In one embodiment of the invention, the first 
phase compensation element and the second phase 
compensation element are each formed of a X/4 wave plate, 
a transmission axis of the first polarizer and the first 
phase compensation element make an angle of about 45 
degrees, and a transmission axis of the second polarizer 
and the second phase compensation element make an angle 
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of about 45 degrees* 

In one embodiment; of the invention, the second 
phase compensation element is formed of a X/4 wave plate, 
and a slower optic axis of the second phase compensation 
element matches one of a longer axis or a shorter axis of 
elliptically polarized light transmitted through the 
liquid crystal layer and incident on the second phase 
compensation element so as to convert the elliptically 
polarized light into linearly polarized light, and a 
transmission axis of the second polarizer is perpendicu- 
lar to a polarizing axis of the linearly polarized light. 

According to another aspect of the invention, a 
liquid crystal display device includes a first substrate 
including a transmissive electrode; a second substrate 
including a reflective electrode; a liquid crystal layer 
interposed between the first substrate and the second 
substrate and including liquid crystal molecules which 
exhibit negative dielectric anisotropy and are aligned 
substantially vertically to surfaces of the first sub- 
strate and the second substrate when no voltage is 
applied; a polarizer provided on a surface of the first 
substrate wt^ich is opposite to the liquid crystal layer; 
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and a X/4 wave plate provided between the polarizer and 
the liquid crystal layer. A slower axis of the X/4 wave 
plate and a transmission axis of the polarizer make an 
angle of about 45 degrees. 

5 

In one embodiment of the invention, the liquid 
crystal display device further includes a phase 
compensation element between the reflection electrode and 
the polarizer. 

10 

According to still another aspect of the inven- 
tion, a liquid crystal display device includes a first 
substrate; a second substrate; a liquid crystal layer 
interposed between the first substrate and the second 

15 substrate and including liquid crystal molecules which 
exhibit negative dielectric anisotropy and are aligned 
substantially vertically to surfaces of the first sub- 
strate and the second substrate when no voltage is 
applied; a first polarizer provided on a surface of the 

20 first substrate which is on the opposite side to the 
liquid crystal layer; a second polarizer provided on a 
surface of the second substrate which is on the opposite 
side to the liquid crystal layer; a first X/4 wave plate 
provided between the first polarizer and the liquid 



- 9 - 



S98435 



crystal layer; and a second X/4 wave plate provided 
between the second polarizer and the liquid crystal 
layer. A plurality of pixel areas are provided for 
display. The first substrate includes at least one 
5 transmissive electrode, and the second substrate includes 
a reflective electrode region and a transmissive elec- 
trode region in correspondence with each of the plurality 
of pixel areas. Slower axes of the first X/4 wave plate 
and the second k/4 wave plate are in an identical direc- 
10 tion and make an angle of about 45 degrees with each of 
transmission axes of the first polarizer and the second 
polarizer. 

In one embodiment of the invention, each of the 
15 plurality of pixel areas has a reflective region for 
performing display using reflected light and a transmis- 
sive region for performing display using transmitted 
light, and the reflective electrode region defines the 
reflective region and the transmissive electrode region 
20 defines the transmissive region. 

In one embodiment of the invention, the liquid 
crystal display device further includes at least one 
phase compensation element between the first polarizer 
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and the second polarizer. 

In one embodiment of the invention , the liquid 
crystal layer further includes a chiral dopant. 

In one embodiment of the invention, the liquid 
crystal layer has an approximately 90 degree twisted 
orientation . 

In one embodiment of the invention, the first 
polarizer and the second polarizer have transmission axes 
perpendicular to each other, and the first phase 
compensation element and the second phase compensation 
element have slower axes perpendicular to each other. 

In one embodiment of the invention, the first 
phase compensation element converts linearly polarized 
light from the first polarizer into circularly polarized 
light, and the second phase compensation element converts 
linearly polarized light from the second polarizer into 
circularly polarized light, the liquid crystal display 
device further including a third phase compensation 
element provided between the first polarizer and the 
liquid crystal layer for compensating for wavelength 
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dependency of refractive index anisotropy of the first 
phase compensation element. 

In one embodiment of the invention, the third 
5 phase compensation element is a X/2 wave plate, and when 
a transmission axis of the first polarizer and a slower 
axis of the third phase compensation element make an 
angle of yl, the transmission axis of the first polarizer 
and a slower axis of the first phase compensation element 
10 make an angle of 2yl+45 degrees. 

In one embodiment of the invention, the liquid 
crystal display device further includes a fourth phase 
compensation element provided between the second polariz- 
15 er and the liquid crystal layer for compensating for 
wavelength dependency of refractive index anisotropy of 
the second phase compensation element* 

In one embodiment of the invention, the fourth 
20 phase compensation element is a X/2 wave plate, and when 
^ a transmission axis of the second polarizer and a slower 
axis of the fourth phase compensation element make an 
angle of y2, the transmission axis of the second polariz- 
er and a sj^ower axis of the second phase compensation 
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element make an angle of 2y2+45 degrees, 



In one embodiment; of the invention, the 
transmission axis of the first polarizer is perpendicular 
5 to the transmission axis of the second polarizer, a 
slower axis of the first phase compensation element is 
Q perpendicular to the slower axis of the second phase 

yH; compensation element, and a slower axis of the third 

~2 phase compensation element is perpendicular to the slower 

= F 10 axis of the fourth phase compensation element. 

,: « 

w According to still another aspect of the inven- 

tion, a liquid crystal display device includes a first 
^ substrate; a second substrate; and a liquid crystal layer 

15 interposed between the first substrate and the second 
substrate- A plurality of pixel areas are provided for 
display, each of the plurality of pixel areas having a 
reflective region for performing display using reflected 
light and a transmissive region for performing display 
20 using transmitted light. The first substrate includes a 
^ counter electrode in the vicinity of the liquid crystal 

v 

layer. The second substrate includes, in the vicinity of 
the liquid crystal layer, a plurality of gate lines, a 
plurality o^ source lines perpendicular to the plurality 



13 



- 13 - 



S98435 



10 



15 



of gate lines, a plurality of switching elements provided 
in the vicinity of intersections of the plurality of gate 
lines and the plurality of source lines, a first conduc- 
tive layer having a high light transmission efficiency, 
and a second conductive layer having a high light 
reflection efficiency, the first conductive layer and the 
second conductive layer being connected to each of the 
switching elements, connected to each other, and being 
provided in each of the pixel areas. 

In one embodiment of the invention, the liquid 
crystal display device further includes an insulating 
layer between the first conductive layer and the second 
conductive layer* 

In one embodiment of the invention, the second 
substrate further includes a third conductive layer, and 
the first conductive layer and the second conductive 
layer are connected to each other through the third 



\ 20 conductive layer. 



v.. 

In one embodiment of the invention, one of the 
first conductive layer, the second conductive layer and 
the third qonductive layer is formed of a material 
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identical with one of materials forming the plurality of 
gate electrodes or the plurality of source electrodes. 

In one embodiment of the invention, the insulat- 
ing layer has a wave- like surface below the second 
conductive layer. 

According to still another aspect of the inven- 
tion, a method for producing a liquid crystal display 
device is provided. The liquid crystal display device 
includes a first substrate; a second substrate; and a 
liquid crystal layer interposed between the first sub- 
strate and the second substrate. A plurality of pixel 
areas are provided for display, each of the plurality of 
pixel areas having a reflective region for performing 
display using reflected light and a transmissive region 
for performing display using transmitted light. The 
first substrate includes a counter electrode in the 
vicinity of the liquid crystal layer. The second sub- 
strate includes, in the vicinity of the liquid crystal 
layer, a plurality of gate lines, a plurality of source 
lines perpendicular to the plurality of gate lines, a 
plurality of switching elements provided in the vicinity 
of intersections of the plurality of gate lines and the 



- 15 - 



S98435 



plurality of source lines, a first conductive layer 
having a high light transmission efficiency, a second 
conductive layer having a high light reflection efficien- 
cy, the first conductive layer and the second conductive 
layer being connected to each of the switching elements, 
connected to each other, and being provided in each of 
the pixel areas, and an insulating layer provided between 
the first conductive layer and the second conductive 
layer* The method includes the steps of forming the 
first conductive layer on a plate; forming the insulating 
layer at least on the first conductive layer; forming the 
second conductive layer on the insulating layer; and 
partially removing the second conductive layer formed on 
the first conductive layer. 

In one embodiment of the invention, the method 
further includes the steps of forming a third conductive 
layer on a connection area, on at least the first 
conductive layer, for connecting the first conductive 
layer and the second conductive layer so as to connect 
the first conductive layer and the second conductive 
layer to each other through the third conductive layer; 
forming the insulating layer; and partially removing the 
insulating ^ a Y er a * t least on the connection area for 



- 16 - 



S98435 



connecting the first conductive layer and the second 
conductive layer. 

In one embodiment of the invention, the step of 
5 partially removing the insulating layer includes the step 
of removing the insulating layer on an area of the first 
conductive layer. 

Thus, the invention described herein makes 
10 possible the advantages of providing a reflection- type 
LCD device and a transmission- and reflection-type LCD 
device providing satisfactory display with a sufficiently 
high contrast, and a method for producing the same. 

15 These and other advantages of the present inven- 

tion will become apparent to those skilled in the art 
upon reading and understanding the following detailed 
description with reference to the accompanying figures. 



\ 20 BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 is a schematic view of a re flection- type 
LCD device in an example according to the present inven- 
tion; ^ 
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Figure 2 is a schematic view of a transmission- 
and reflection- type LCD device in an example according to 
the present invention; 

Figure 3 is a schematic view of a transmission- 
and reflection- type LCD device in an example according to 
the present invention; 

Figure 4 is a graph illustrating a spectral 
reflectance characteristics of a reflection-type LCD 
device according to the present invention having a gap of 
d=3.56 \xm obtained when the light is incident and re- 
ceived vertically; 

Figure 5 is a graph illustrating a spectral 
reflectance characteristics of a reflection-type LCD 
device according to the present invention having a gap of 
d=4.5 pm obtained when the light is incident and received 
vertically; 

Figure 6 is a graph illustrating the relationship 
between the cell gap and the contrast ratio of a reflec- 
tion-type LCD device according to the present invention 
obtained whe^i the light is incident and received verti- 
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cally at a wavelength of 550 nm; 

Figure 7A is a plan view of an active matrix 
substrate in a first example according to the present 
5 invention; 

Figure 7B is a cross-sectional view of the active 
matrix substrate taken along line 7B-7B ? of Figure 7A; 

10 Figure 8A is a plan view of an active matrix 

substrate in a second example according to the present 
invention; 

Figure 8B is a cross-sectional view of the active 
15 matrix substrate taken along line 8B-8B T of Figure 8A; 

Figure 8C is a plan view of an active matrix 
substrate used in a semi- transmission- and semi -reflec- 
tion-type LCD device according to the present invention; 

20 

^ Figure 8D is a cross -sectional view of the active 

matrix substrate taken along line 8D-8D ? of Figure 8C; 



Figure 8E is a cross-sectional view of the active 
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matrix substrate taken along line 8E-8E f of Figure 8C; 

Figure 9 is a graph illustrating a spectral 
reflectance characteristics of a transmission- and 
reflection-type LCD device according to the present 
invention having a gap of d=3.56 pm obtained when the 
light is incident and received vertically; 

Figure 10 is a graph illustrating a spectral 
reflectance characteristics of a transmission- and 
reflection-type LCD device according to the present 
invention having a gap of d=4.5 jam obtained when the 
light is incident and received vertically; 

Figure 11 is a graph illustrating the relation- 
ship between the cell gap and the contrast ratio of a 
transmission- and reflection- type LCD device according to 
the present invention obtained when the light is incident 
and received vertically at a wavelength of 550 run; 

Figure 12 is a graph illustrating the relation- 
ship between the angle of the slower optic axis of the 
X/4 wave plate and the contrast ratio in the first example; 
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Figure 13A is a schematic view illustrating light 
transmission and reflection in black display in the LCD 
device according to the present invention; 

Figure 13B is a schematic view illustrating light 
transmission and reflection in white display in the LCD 
device in the second example according to the present 
invention; 

Figure 14A is a schematic view illustrating light 
transmission and reflection in black display in the 
reflection mode in an LCD device in a fourth example 
according to the present invention; 

Figure 14B is a schematic view illustrating light 
transmission and reflection in white display in the 
reflection mode in the LCD device in the fourth example 
according to the present invention; 

Figure 15A is a schematic view illustrating light 
transmission and reflection in black display in the 
transmission mode in the LCD device in the fourth example 
according to the present invention; 
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Figure 15B is a schematic view illustrating light 
transmission and reflection in white display in transmis- 
sion mode in the LCD device in the fourth example accord- 
ing to the present invention; 

Figure 16 is a graph illustrating the relation- 
ship between . the wavelength and the transmittance in 
black display in the fourth example; 

Figure 17 is a schematic view of a reflection- 
type LCD device in a fifth example according to the 
present invention; 

Figure 18A is a schematic view illustrating light 
transmission and reflection in black display in the 
reflection mode in the LCD device in the fifth example 
according to the present invention; 

Figure 18B is a schematic view illustrating light 
transmission and reflection in white display in the 
reflection mode in the LCD device in the fifth example 
according to the present invention; 



Figure 18C is a schematic view illustrating light 
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transmission and reflection in black display in the 
transmission mode in the LCD device in the fifth example 
according to the present invention; 

5 Figure 18D is a schematic view illustrating light 

transmission and reflection in white display in transmis- 
sion mode in the LCD device in the fifth example accord- 
ing to the present invention; 

10 Figure 19 is a graph illustrating the relation- 

ship between the wavelength and the transmittance in 
black display in the fifth example; 

Figure 20 is a graph illustrating the relation- 
15 ship between the wavelength and the transmittance in 
black display in the fifth example; 

Figure 21 is a plan view of an active matrix 
substrate of an LCD device in a sixth example according 
20 to the present invention; 

Figure 22 is a cross -sectional view of the active 
matrix substrate shown in Figure 21; 
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Figures 23A through 23E are cross-sectional views 
illustrating a method for forming the active matrix 
substrate shown in Figures. 21 and 22; 

Figure 24 is a plan view of an active matrix 
substrate of an LCD device in a seventh example according 
to the present invention; 

Figure 25 is a cross-sectional view of the LCD 
device taken along line 25-25 ? in Figure 24; 

Figures 26A through 26C are cross-sectional views 
illustrating a method for forming an active matrix 
substrate of an LCD device in an eighth example according 
to the present invention; 

Figures 27A through 27C are cross-sectional views 
illustrating a method for forming an active matrix 
substrate of an LCD device in a ninth example according 
to the present invention; 

Figures 28A through 28C are cross-sectional views 
illustrating a method for forming an active matrix 
substrate of an LCD device in a tenth example according 
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to the present invention; 

Figures 29A through 29C are cross-sectional views 
illustrating a method for forming an active matrix 
substrate of an LCD device in an eleventh example 
according to the present invention; 

Figure 30 is a plan view of the active matrix 
substrate of the LCD device in the eleventh example; 

Figures 31A through 31E and 32A through 32C are 
cross-sectional views illustrating a method for forming 
a display section of the LCD device in the eleventh 
example ; 

Figures 33A through 33F are cross-sectional views 
illustrating a method for forming a gate terminal section 
of the LCD device in the eleventh example; 

Figure 34A is a cross-sectional view of a gate 
terminal section of an LCD device in a modification of 
the eleventh example; 



Figinre 34B is a cross-sectional view of a source 
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terminal section of an LCD device in a modification of 
the eleventh example; 

Figures 35A through 35C are cross-sectional view 
5 of a method for producing an LCD device in a twelfth 
example according to the present invention; 

Figure 36 is a cross-sectional view of an LCD 
device produced by one method in a thirteenth example 
10 according to the present invention; 



Figure 37A is a cross-sectional view of an LCD 
device produced by another method in a thirteenth example 
according to the present invention; 

15 

Figure 37B is a graph illustrating the voltage- 
brightness relationship of the LCD device shown in Figure 
37A; 



20 Figure 38A is a cross-sectional view of an LCD 

device produced by a comparative method; and 

Figure 38B is a graph illustrating the voltage- 
brightness relationship of the LCD device shown in Figure 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

5 The terms "reflective electrode region", "trans- 

missive electrode region", "reflective region" and 
"transmissive region" will be described, 

A reflection- type LCD device for performing 
10 display using ambient light has a reflective electrode 
region on one of two substrates for reflecting the 
ambient light transmitted through a liquid crystal layer. 
The reflective electrode region can be formed of a 
reflective electrode or a combination of a transmissive 
15 electrode and a reflective layer (e.g., reflective 
plate). In other words, an electrode for applying a 
voltage to the liquid crystal layer can be a transmissive 
electrode, and in this case, the reflective electrode 
region for reflecting input light need not act as an 
20 electrode. 

A transmission- and reflection- type LCD device 
has a reflective electrode region, like the reflection- 
type LCD device. The reflective electrode region can be 



J7 



- 27 - 



S98435 



formed a reflective electrode or a combination of a 
transmissive electrode and a reflective layer (e.g., 
reflective plate). The transmissive electrode region is 
typically formed of a transmissive electrode. In the 
case of an LCD device having relatively small transmis- 
sive electrode regions in the reflective electrode 
(referred to as a "semi-transmission- and semi-reflec- 
tion-type LCD device ) , the liquid crystal molecules are 
driven by a voltage applied to the liquid crystal layer 
by the reflective electrode in the transmissive electrode 
region. Therefore, the transmissive electrode regions 
need not act as electrodes. In this type of LCD device, 
each of the transmissive electrode regions has one 
dimension smaller than the thickness of the liquid 
crystal layer (e.g., diameter in the case where the 
transmittance electrode region is a circle). In the case 
where the reflective electrode region is formed of a 
combination of a transmissive electrode and a reflective 
layer is used in the semi-transmission- and semi- 
reflection- type LCD device), a transmissive electrode 
formed in the entirety of each pixel area and a reflec- 
tive layer having a plurality of openings can be used. 



In , the transmission- and reflection-type LCD 
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device (excluding the semi -transmission- and semi- 
ref lection- type LCD device) according to the present 
invention, the region for performing display in a 
transmission mode is referred to as a " transmissive 
5 region", and the region for performing display in a 
reflection mode is referred to as a "reflective region". 
The transmissive region and the reflective region each 
includes a transmissive electrode region, a reflective 
electrode region and a liquid crystal layer defined by 

10 the transmissive electrode region and the reflective 
electrode region." The semi-transmission- and semi- 
reflection-type LCD device also includes a reflective 
electrode region and a transmissive electrode region, but 
light reflected by the reflective electrode region and 

15 light transmitted through the transmissive electrode 
region are mixed and overlapped. Accordingly, the 
transmissive region and the reflective region are not 
independently defined. In other words, ainong the LCD 
devices having a transmissive electrode region and a 

20 reflective electrode region for each pixel area, an LCD 

^ device in which the transmissive region and the reflec- 

v. 

tive region cannot be independently def ined ( i .e. , the 
regions are substantially overlapped) is referred to as 
the semi-transmission- and semi-reflection- type LCD 
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device. 

The term "pixel area" is defined as follows. An 
LCD device according to the present invention has a 
plurality of pixel areas for performing display. The 
term "pixel area" is defined as a part (an element) of an 
LCD device forming a pixel which is a minimum unit of 
display. Typically, in an active matrix LCD device 
including a counter electrode and a plurality of pixel 
electrodes arranged in a matrix and switched by each of 
active elements (e.g., TFTs), a pixel area includes one 
of the pixel electrodes, an area of the counter electrode 
positionally corresponding to the pixel electrode, and an 
area of the liquid crystal layer interposed therebetween. 
In a simple matrix LCD device including striped elec- 
trodes ( scanning electrodes and signal electrodes ) 
respectively formed in two substrates and arranged to 
cross each other with the liquid crystal layer being 
interposed therebetween, a pixel area includes a crossing 
area at which the striped electrodes cross each other and 
an area of the liquid crystal layer positionally corre- 
sponding to the crossing area. A transmission- and 
reflection- type LCD device according to the present 
invention has a reflective electrode region and a 



- 30 - 



S98435 



transmissive electrode region for each pixel area. 

The "phase compensation element" includes a phase 
plate or a phase film, and the "polarizer" includes a 
polarizing plate or a polarizing film. 

The "retardation" refers to a retardation with 
respect to the light incident vertically on the liquid 
crystal layer or a phase compensation element unless 
otherwise specified. 

< Embodiment 1> 

In a first embodiment of the present invention, 
a reflection- type LCD device having a higher display 
quality than the conventional LCD device is provided as 
specifically described in a first example. A reflection- 
type LCD device in the first embodiment, as shown in 
Figure 1, includes a first substrate 1 including a 
transmissive electrode 4, a second substrate 2 including 
a reflective electrode region 3, a liquid crystal layer 
5 interposed between the first substrate 1 and the second 
substrate 2, a polarizer 6 provided on a surface of the 
first substrate 1 opposite to the liquid crystal layer 5, 
and a X/4 wave plate 7 provided between the polarizer 6 

si 
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and the liquid crystal layer 5. Figure 1 schematically 
shows one pixel area of the reflection- type LCD device 
according to the present invention. 

The liquid crystal layer 5 includes liquid 
crystal molecules (not shown) exhibiting negative dielec- 
tric anisotropy. The liquid crystal molecules in the 
liquid crystal layer 5 are substantially treated so as to 
align vertically to surfaces of the first and second 
substrates 1 and 2 when no voltage is applied* (A liquid 
crystal layer treated so that the liquid crystal mole- 
cules therein are aligned vertically to the surfaces of 
the substrate when no voltage is applied will be referred 
to as a "vertically aligned liquid crystal layer" . A 
liquid crystal layer treated so that the liquid crystal 
molecules therein are aligned horizontal to the surfaces 
of the substrate when no voltage is applied will be 
referred to as a "horizontally aligned liquid crystal 
layer".) A slower optic axis of the k/4 wave plate 7 and 
a transmission axis of the polarizer 6 are set to make an 
angle of about 45 degrees. The linearly polarized light 
Incident through the polarizer 6 is converted into 
circularly polarized light, and the circularly polarized 
light reflected by the reflective electrode region 3 and 

3Z~ 
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transmitted through the liquid crystal layer 5 is con- 
verted into the linearly polarized light. Accordingly, 
the retardation by the liquid crystal layer 5 is substan- 
tially zero when no voltage is applied, and thus 
satisfactory black display is obtained. 

A transmission- and reflection- type LCD device 
in the first embodiment, as shown in Figure 2, includes 
a first substrate 1, a second substrate 2, a liquid 
crystal layer 5 interposed between the first and second 
substrates 1 and 2, a first polarizer 6 provided on a 
surface of the first substrate 1 opposite to the liquid 
crystal layer 5, and a second polarizer 9 provided on a 
surface of the second substrate 2 opposite to the liquid 
crystal layer 5. The transmission- and reflection- type 
LCD device further includes a first phase compensation 
element 7 (typically, a X/4 wave plate) provided between 
the first polarizer 6 and the liquid crystal layer 5 and 
a second phase compensation element 10 (typically, a X/4 
wave plate) provided between the second polarizer 9 and 
the liquid crystal layer 5. The second substrate 2 
includes a reflective electrode region (R) 3 and a 
transmissive electrode region 8 (T) for each of a plural- 
ity of pixel areas. Figure 2 schematically shows one 
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pixel area of the transmission- and reflection- type LCD 
device. In Figure 2, the reflective electrode region 3 
(R) and the transmissive electrode region 8 (T) are each 
shown as one region for simplicity. The transmission- 
and reflection- type LCD device according to the present 
invention is not limited to this and can have a plurality 
of transmissive electrode region 8 in the reflective 
electrode region 3 like a semi-transmission- and semi- 
reflection-type LCD device. 

The transmission- and reflection- type LCD device 

shown in Figure 2 operates in the following manner. 

£0 

Q In the reflection mode, when the retardation 

15 (birefringence) of the liquid crystal layer in the 

viewing direction ( thickness direction of the liquid 
crystal layer) is substantially zero (that is, initial 
alignment state in the vertical alignment mode and the 
state of being supplied with a prescribed saturation 
20 voltage in the horizontal alignment state), black (dark) 
^ display is performed by the following reason. The 

'v. 

linearly polarized light transmitted through the first 
polarizer is transmitted through the first phase 




element and the liquid crystal layer, then 
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reflected, and again transmitted through the liquid 
crystal layer and the first phase compensation element to 
be incident on the first polarizer. At this point, the 
light has sufficient polarizing components perpendicular 
5 to the transmission axis of the first polarizer to 
perform black display. 

if When there is a retardation in the viewing 

direction, the white (bright) display is performed for 
10 the following reason. The linearly polarized light 
transmitted through the first polarizer is transmitted 
}% through the first phase compensation element and the 

liquid crystal layer, then reflected, and again trans- 
it mitted through the liquid crystal layer and the first 
15 phase compensation element to be incident on the first 
polarizer. At this point, the light has sufficient 
polarizing components parallel to the transmission axis 
of the first polarizer to perform white display. Gray 
scale display corresponding to various retardations by 
20 the liquid crystal layer is realized by an application of 

- voltage across the liquid crystal layer. 

v. 

In the transmission mode, when the retardation 
in the viewing direction is substantially zero, black 
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display is performed by the following reason. The 
linearly polarized light transmitted through the second 
polarizer is transmitted through the second phase 
compensation element, the liquid crystal layer and the 
first phase compensation element to be incident on the 
first polarizer. At this point, the light has sufficient 
polarizing components perpendicular to the transmission 
axis of the first polarizer to perform black display. 

When there is a retardation in the viewing 
direction, the white display is performed for the 
following reason. The linearly polarized light 

transmitted through the second polarizer is transmitted 
through the second phase compensation element, the liquid 
crystal layer, and the first phase compensation element 
to be incident on the first polarizer. At this point, 
the light has sufficient polarizing components parallel 
to the transmission axis of the first polarizer to 
perform white display. Gray scale display corresponding 
to various retardations is realized. 

Accordingly, when the reflection mode and the 
transmission mode are used together, black display is 
performed in both modes, realizing high contrast display. 
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The gray scale display is performed by changing the 
retardation by controlling the voltage* 

In the case where the reflective region for 
performing display in the reflection mode and the 
transmissive region for performing display in the 
transmission mode are formed for each pixel area, the 
utilization factor of the reflected light is improved. 
Furthermore, in such a structure, the thicknesses of the 
liquid crystal layer (retardation) in the reflective 
region and the transmissive region are independently 
adjusted. Thus, each of the display modes is optimized. 

The retardation by the liquid crystal layer is 
substantially zero when the molecular axis of the liquid 
crystal molecules is substantially vertical to the 
surfaces of the first and second substrates. When the 
retardation by each of the first phase compensation 
element and the second phase compensation element ful- 
fills the X/4 condition, there is almost no birefringence 
by the liquid crystal layer in the viewing direction in 
the reflection mode using the light reflected by the area 
region having a reflection function such as a reflective 
layer or reflective plate. Accordingly, the circularly 
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polarized light is incident on and reflected by the 
reflective electrode region to be circularly polarized 
light having an opposite rotation direction. The light 
is transmitted through the first phase compensation 
element to be linearly polarized light perpendicular to 
the transmission axis of the first polarizer. Since the 
reflective region acts as a light isolator, black display 
with very little optical leakage is provided. 

When there is a retardation (birefringence) by 
the liquid crystal layer in the viewing direction in the 
reflection mode, the retardation can be changed by 
controlling the voltage, so that the light which has been 
incident on the first polarizer, reflected and again 
incident on the first polarizer has components parallel 
to the transmission axis of the first polarizer. Accord- 
ingly, bright display having gray scale is provided. 

When there is almost no retardation by the liquid 
crystal layer in the viewing direction in the transmis- 
sion mode, the circularly polarized light incident on the 
liquid crystal layer is maintained as being circularly 
polarized when being transmitted through the liquid 
crystal layer. The light is transmitted through the 
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first phase compensation element to be linearly polarized 
light perpendicular to the transmission axis of the first 
polarizer. Thus, black display with very little optical 
leakage is provided. 

5 

When there is a retardation by the liquid crystal 
layer in the viewing direction in the transmission mode, 
the retardation can be changed by controlling the volt- 
age. Thus, the light incident on the second polarizer is 
10 incident on the first polarizer as being parallel to the 
transmission axis of the first polarizer. Thus, the 
white display having gray scale is provided. 



As described above, when both the reflection mode 
r " 15 and the transmission mode are used, the state of the 

liquid crystal molecules for black display is the same in 
both display modes, and the black display with substan- 
tially no optical leakage is provided. Regardless of the 
ambient light intensity, the transmission- and reflec- 
\ 20 tion-type LCD device provides high contrast display. 

In such an LCD device, even when the retardation 
(a) caused by the liquid crystal molecules remaining in 
the state .of being almost vertical to the first and 
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second substrates is not negligible, for example, when a 
horizontally aligned liquid crystal layer is used or when 
the pretilt angle is excessively large in a vertically 
aligned liquid crystal layer, high contrast display is 
provided in the reflection mode by setting the remaining 
retardation by the liquid crystal layer and the retarda- 
tion by the phase compensation elements in combination to 
fulfill the X/4 condition in a wide wavelength range. 



the liquid crystal layer after being transmitted through 
the liquid crystal layer twice is elliptically polarized 
light which is offset from the circularly polarized light 
by the remaining retardation a. The elliptically polar- 
ized light is phase-offset by 90 degrees from the light 
which was incident. Accordingly, when transmitted 
through the first phase compensation element having a 
retardation of A,/4-a, the light becomes linearly polar- 
ized light perpendicular to the transmission axis of the 
first polarizer. Since the reflective region acts as a 
light isolator, black display with very little optical 



In the reflection mode, the light going out of 



leakage is provided. 
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retardation is not negligible, high contrast display is 
obtained in the reflection mode* In the case where 
mainly reflection-mode display is performed, such as, for 
example, when the reflective pixel electrodes are larger 
than the transmissive pixel electrodes, the second phase 
compensation element 10 shown in Figure 3 can be a X/4 
wave plate. 

Even in the case where the remaining retardation 
is not negligible, for example, when a horizontally 
aligned liquid crystal layer is used or when the pretilt 
angle is excessively large in a vertically aligned liquid 
crystal layer, high contrast display is provided for a 
reflection- type LCD device, a transmission- type LCD 
device and a transmission- and reflect ion- type LCD device 
by the following structure. Where a is the retardation 
by the liquid crystal layer in the reflective region when 
the liquid crystal molecules are aligned almost vertical- 
ly to the substrates and p is the retardation by the 
liquid crystal layer in the transmissive region, the 
retardation of the first phase compensation element 
fulfills X/4-a and the retardation of the second phase 
compensation element fulfills X/4-(p-a). 
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As described above, in the reflection mode, the 
light going out of the liquid crystal layer after being 
transmitted through the liquid crystal layer twice is 
elliptically polarized light which is offset from the 
circularly polarized light by the remaining retardation 
a. The light becomes linearly polarized light perpen- 
dicular to the transmission axis of the first polarizer 
when transmitted through the first phase compensation 
element having a retardation of X/4-a. 

In the transmission mode, when the retardation 
(P) caused by the liquid crystal molecules in the viewing 
angle is not negligible, the light going out of the 
liquid crystal layer is elliptically polarized light as 
in the reflection mode because the second phase compensa- 
tion element is set to have a retardation of X/4-(p-a). 
The elliptically polarized light becomes linearly polar- 
ized light perpendicular to the transmission axis of the 
first polarizer when transmitted through the phase 
compensation element. Thus, black display with very 
little optical leakage is obtained. 

Even in the case where the remaining retardation 
is not negligible, high contrast display is provided for 
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a reflection- type LCD device/ a transmission- type LCD 
device and a transmission- and reflection- type LCD device 
by the following structure. 

When the remaining retardation is negligible , 
circularly polarized light is incident on the liquid 
crystal layer to obtain high contrast display with a 
simplest structure due to the following setting. The 
first and second compensation elements are each formed of 
a k/4 wave plate. The transmission axis of the first 
polarizer and the slower optic axis of the first phase 
compensation element are set to make an angle of about 45 
degrees. The transmission axis of the second polarizer 
and the slower optic axis of the second phase compensa- 
tion element are set to make an angle of about 45 de- 
grees . 

In a transmission- and reflection- type LCD 
device, a liquid crystal layer in which the liquid 
crystal molecules are aligned substantially vertically to 
the surfaces of the substrates when no voltage is applied 
can be used. In such a case, the LCD device can act, 
when the ambient light is dark, as a transmission- type 
LCD device for performing display using the light which 
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is from the backlight and transmitted through the 
transmissive electrode region formed of a material having 
a relatively high light transmittance. When the ambient 
light is bright, the LCD device can be used as a reflec- 
tion-type LCD device for performing display using the 
ambient light reflected by the reflective electrode 
region formed of a material having a relatively high 
light reflectance. When the transmission mode and the 
reflection mode are used together, substantially complete 
black display is performed in both modes. Thus, high 
contrast display is realized. This will be described 
below. 

A transmission- and reflection-type LCD device is 
generally operable in both the normally black (hereinaf- 
ter, referred to as "NB" ) mode and the normally" white 
(hereinafter, referred to as "NW" ) mode using 
birefringence. 

In the NW mode, the voltage to be applied to 
achieve black display changes as the cell gap changes. 
In the NB mode, the voltage to be applied to achieve 
white display changes as the cell gap changes. Accord- 
ingly, in the NW mode, the contrast ratio significantly 
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changes in accordance with the cell gap, which requires 
precise cell gap control. In the NB mode, the contrast 
does not substantially change in accordance with the cell 
gap, which provides a larger margin for cell gap control. 
Moreover in the NB mode, when the switching element 
(e.g., TFT) malfunctions to prevent voltage application 
on the pixel electrode, this results in an inconspicuous 
black point. 

A transmission- and reflection-type LCD device 
operable in the NB mode has a high production efficiency, 
and high contrast display is realized easily regardless 
of the ambient light intensity according to the present 
invention. 

A phase compensation element can be provided for 
compensating for the influence by the refractive index 
anisotropy of the liquid crystal molecules caused in the 
light incident direction on the liquid crystal layer and 
the viewing direction. In such a structure, the reduc- 
tion in contrast in accordance with the light incident 
direction and the viewing direction is prevented. 

Wher^ a chiral dopant is added to the vertically 
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aligned liquid crystal layer formed of a liquid crystal 
material exhibiting negative dielectric anisotropy of the 
LCD device, the liquid crystal molecules are rotated" when 
a voltage is applied. Thus, the rotation of the liquid 
5 crystal molecules at the time of voltage application is 
stabilized by the chiral dopant. 

When the alignment layers in the vicinity of the 
two substrates are rubbed in different directions, the 
traces of the alignment treatment are not in the same 
directions and thus are less conspicuous. When the 
liquid crystal layer has a 90 degree twist orientation, 
black display with very little optical leakage is ob- 
tained for the following reason. The tilt directions of 
the liquid crystal molecules in the vicinity of the two 
substrates make an angle of 90 degrees, and thus the 
retardations generated in the tilt directions are coun- 
teracted by each other. 

20 The refractive indices of birefringent materials 

forming the phase compensation elements with respect to 

* v 

■the ordinary ray and extraordinary ray strongly depend on 
the wavelength. Therefore, the phase delay accumulated 
in the phase compensation elements at a specific thick- 
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ness also depends on the wavelength. In other words, the 
phase delay (e.g., A/4) can be completely provided to the 
linearly polarized light of incidence only when the 
incident light has a certain single wavelength. Accord- 
ingly, in the area where the phase delay of X/4 is not 
achieved due to the wavelength dependency of the refrac- 
tive index anisotropy of the birefringent material 
forming the X/4 wave plates, a part of the light is 
transmitted through the polarizer on the outgoing side 
without being absorbed by polarizer. As a result, the 
darkness of the black display changes. According to the 
present invention, the slower optic axes of the first and 
second phase compensation elements wave plates are set to 
be perpendicular to each other. Due to such a structure, 
the wavelength dependency of the refractive index 
anisotropy of the first phase compensation element is 
counteracted by the wavelength dependency of the refrac- 
tive index anisotropy of the second phase compensation 
element. Thus, a certain phase difference is fulfilled 
in the entirety of the certain wavelength range. Thus, 
the darkness of the black display is improved. 

As shown in Figure 17, a third phase compensation 
element 11 .can be provided between the first polarizer 6 
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and the liquid crystal layer 5. Due to such a structure, 
the wavelength dependency of the refractive index 
anisotropy caused when the linearly polarized light is 
converted into circularly polarized light by the first 
phase compensation element is counteracted to some 
extent. Accordingly, in the reflection mode, conversion 
into circularly polarized light is performed in the state 
where the dispersion in the polarization state is reduced 
over a wide wavelength range. Thus, the darkness of the 
black display is improved. 

In the case where the third compensation element 
is formed of a k/2 wave plate and the transmission axis 
of the first polarizer and the slower optic axis of the 
first phase compensation element are set to make an angle 
of 2yl+45 degrees (where yl is the angle made by the 
transmission axis of the first polarizer and the slower 
optic axis of the third compensation element), the 
polarization direction of the linearly polarized light 
from the first compensation element is changed in 
orientation by the third phase compensation element and 
then converted into circularly polarized light by the 
first phase compensation element. Accordingly, the 
wavelength dependency of the refractive index anisotropy 
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of the first phase compensation element is compensated 
for optimally. Therefore, the dispersion in the 
polarization state is reduced in a wide wavelength range 
in the reflection mode, and thus circularly polarized 
light is obtained in a satisfactory manner. Thus, the 
darkness of the black display in the reflection mode is 
improved. Substantially the same effects are obtained 
when the first and third phase compensation elements are 
located oppositely. 

Especially when a vertically aligned liquid 
crystal layer is used or when the remaining retardation 
by the liquid crystal layer is negligible in the dark 
state, the first phase compensation element can be formed 
of a A/4 wave plate. 

When a retardation of a is remaining in the 
liquid crystal layer in the reflection mode in the dark 
state, the retardation of the first phase compensation 
element is made A/4-a so that light which is offset from 
the circularly polarized light is incident on the liquid 
crystal layer. When the light is transmitted through the 
liquid crystal layer and reaches the reflective elec- 
trode, the light becomes circularly polarized light as a 
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result of the dispersion in the polarization state being 
eliminated over a wide wavelength range. Thus, satisfac- 
tory black display is realized in the reflection mode. 

A fourth phase compensation element 12 can be 
provided between the second polarizer 9 and the liquid 
crystal layer 5. Due to such a structure, the wavelength 
dependency of the refractive index anisotropy caused when 
the linearly polarized light is converted into circularly 
polarized light is counteracted to some extent. Accord- 
ingly, in the transmission mode, conversion into circu- 
larly polarized light is performed in the state where the 
dispersion in the polarization state is reduced in a wide 
wavelength range. Thus, the darkness of the black 
display is improved. Even when the reflection mode and 
the transmission mode are used together, satisfactory 
black display is realized. 

In the case where the fourth compensation element 
20 is formed of a X/2 wave plate and the transmission axis 
"■v. of the second polarizer and the slower optic axis of the 
second phase compensation element are set to make an 
angle of 2y2+45 degrees (where y2 is the angle made by 
the transmission axis of the second polarizer and the 

SO 
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slower optic axis of the fourth compensation element), 
the linearly polarized light from the second compensation 
element is changed in orientation by the fourth phase 
compensation element and then converted into circularly 
5 polarized light by the second phase compensation element. 
Accordingly, the wavelength dependency of the refractive 
index anisotropy of the first phase compensation element 
is compensated for optimally. Therefore, the dispersion 
in the polarization state is reduced in a wide wavelength 
10 range in the transmission mode, and thus circularly 
polarized light is obtained in a satisfactory manner. 



Especially when a vertically aligned liquid 
crystal layer is used or when the remaining retardation 
15 by the liquid crystal layer is negligible in the dark 
state, the second phase compensation element can be 
formed of a X/4 wave plate. 



When a retardation of a is remaining in the 
20 reflection mode and a retardation of p is remaining in 
^ transmission mode in the liquid crystal layer in the dark 
state, the retardations of the elements used later are 
made A/4-(p-a) so that light which is offset from the 
circularly . polarized light is incident on the liquid 
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crystal layer. When the light is transmitted through the 
liquid crystal layer, the light is in the same polariza- 
tion state as that in the reflection mode. Therefore, 
when being transmitted through the third phase compensa- 
tion element, the light becomes linearly polarized light 
perpendicular to the transmission axis of the first 
polarizer. Thus, the darkness of the black display is 
improved. Even when the transmission mode and the 
reflection mode are used together, satisfactory black 
display is realized. 

In the case where the slower optic axes of the 
first and second phase compensation elements to 
perpendicular to each other and the slower optic axes of 
the third and fourth phase compensation elements to 
perpendicular to each other, the wavelength dependency of 
the refractive index anisotropy of the first and third 
phase compensation elements is counteracted by the 
wavelength dependency of the refractive index anisotropy 
of the second and fourth phase compensation elements, 
respectively. In this manner, the darkness of the black 
display is improved. 
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( Example 1 ) 

An LCD device in a first: example according to the 
present invention will be described with reference to 
Figure 1. 

A substrate 2 includes a reflective electrode 3 
( shown as reflective electrode region in Figure 1 ) formed 
of a material having a high reflectance such as, for 
example, Al or Ta. A substrate 1 includes a counter 
electrode 4 ( shown as transmissive electrode in Figure 
1 ) . A liquid crystal layer 5 formed of a liquid crystal 
material exhibiting negative dielectric anisotropy is 
interposed between the reflective electrode 3 and the 
counter electrode 4, 

Alignment layers (not shown) are provided on 
surfaces of the reflective electrode 3 and the counter 
electrode 4 which are in contact with the liquid crystal 
layer 5. The alignment layers are used to align liquid 
crystal molecules (not shown) in the liquid crystal layer 
5 to be vertical to the surfaces of the substrates 1 and 
2. After the alignment layers are provided, at least one 
of the alignment layers is processed with alignment 
treatment such as, for example, rubbing. 
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Due to the alignment treatment, the liquid 
crystal molecules in the liquid crystal layer 5 has a 
tilt angle of about 0.1 to 5 degrees with respect to the 
vertical direction to the surfaces of the substrates 1 
and 2. 

Since the liquid crystal layer 5 is formed of a 
material exhibiting negative dielectric anisotropy, when 
a voltage is applied between the reflective electrode 3 
and the counter electrode 4, the liquid crystal molecules 
tilt to be horizontal with respect to the surfaces of the 
substrates 1 and 2 . 

The reflective electrode 3 is used for applying 
a voltage to the liquid crystal layer 5, but the reflec- 
tive electrode 3 can be used only as a reflective plate 
but not as an electrode for applying a voltage. In such 
a case, for example, the transmissive electrode 8 can be 
extended onto the reflective electrode 3 to act as an 
electrode for applying a voltage to the liquid crystal 
layer 5 in the reflective region. 

The liquid crystal material used herein has a 
refractive .index anisotropy of Ne (refractive index with 
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respect: to extraordinary ray) =1.5546, No (refractive 
index with respect to ordinary ray) =1,4773, and AN(Ne- 
No)=0.0773. 

A X/4 wave plate 7 is provided on the surface of 
the substrate 1 opposite to the counter electrode 4. A 
slower optic axis of the X/4 wave plate 7 is set to be 
tilted at 45 degrees with respect to a longitudinal axis 
(i.e., molecular axis) of the liquid crystal molecules 
when a voltage is applied to the liquid crystal layer 5. 

The X/4 wave plate 7 is used for converting 
linearly polarized light into circularly polarized light 
and converting circularly polarized light into linearly 
polarized light. 

The X/4 wave plate 7 is provided on the surface 
of the substrate 1 opposite to the counter electrode 4 in 
this example, but can be provided between the reflective 
electrode 3 and the liquid crystal layer 5. 

The X/4 wave plate 7 can be applied to the 
surface of the substrate 1 or integrated with a polarizer 
6 in order to reduce the production cost. 
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A polarizer 6 is provided on a surface of the A./4 
wave plate 7 opposite to the substrate 1. A transmission 
axis of the polarizer 6 is set to be tilted at 45 degrees 
with respect to the slower optic axis of the X/4 wave 
plate 7. 

Figure 7A is a plan view of an active matrix 
substrate (substrate 2) in the first example, and Figure 
7B is a cross-sectional view of the active matrix sub- 
strate taken along line 7B-7B' of Figure 7A. 

As shown in Figures 7A and 7B, the active matrix 
substrate includes a gate line 21, a data line 22, a 
driving element 23, a drain electrode 24, a storage 
capacitance electrode 25, a gate insulating layer 26, an 
insulating substrate 27, a contact hole 28, an interlayer 
insulating layer 29 and a reflective electrode 30 
(corresponding to the reflective electrode 3 in Figure 
1). 

The storage capacitance electrode 25 is electri- 
cally connected to the drain electrode 24, and overlaps 
a storage capacitance line 32 with the gate insulating 
layer 26 being interposed therebetween. Thus, the 
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storage capacitance electrode 25, the insulating layer 26 
and the storage capacitance line 32 form a storage 
capacitance. 

The contact hole 28 is formed in the interlayer 
insulating layer 29 for connecting the reflective elec- 
trode 30 and the storage capacitance electrode 25. 

With reference to Figures 13A and 13B, light 
transmission and reflection in the LCD device in the 
reflection mode in the first example will be described. 

Figure 13A shows black display performed when no 
voltage is applied to the liquid crystal layer 5, and 
Figure 13B shows white display performed when a voltage 
is applied to the liquid crystal layer 5. In these 
figures, the reflective electrode 3 (reflective electrode 
region 3) is formed on the left side. 

With reference to Figure 13A, black display will 
be described. 

The light incident on the upper surface of the 
polarizer 6 is transmitted through the polarizer 6 to be 
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linearly polarized light parallel to the transmission 
axis of the polarizer 6 and then is incident on the k/4 
wave plate 7. 

The X/4 wave plate 7 is arranged so that the 
transmission axis of the polarizer 6 and the slower optic 
axis of the k/4 wave plate 7 make an angle of 45 degrees. 
Thus, the light transmitted through the k/4 wave plate 7 
becomes circularly polarized light. 

When no voltage is applied to the liquid crystal 
layer 5, the liquid crystal molecules exhibiting negative 
dielectric anisotropy used in the liquid crystal layer 5 
are substantially vertical to the surfaces of the sub- 
strates 1 and 2. Accordingly, the refractive index 
anisotropy of the liquid crystal layer 5 to the incident 
light is very small. In other words, the phase differ- 
ence caused .by the transmission of the light through the 
liquid crystal layer 5 is substantially zero. 

Accordingly, the circularly polarized light from 
the X/4 wave plate 7 is transmitted through the liquid 
crystal layer 5 while maintaining circular polarization 
and reflected by the reflective electrode 3 in the 
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substrate 2 . 

The circularly polarized light reflected by the 
reflective electrode 3 is transmitted through the liquid 
crystal layer 5 toward the substrate 1 and is incident on 
the X/A wave plate 7 as while maintaining circular 
polarization. 

Then, the circularly polarized light is transmit- 
ted through the X/4 wave plate 7 to be linearly polarized 
light perpendicular to the transmission axis of the 
polarizer 6 and then is incident on the polarizer 6. 

Since the polarization direction of the light is 
now perpendicular to the transmission axis of the polar- 
izer 6, the light is absorbed by the polarizer 6 without 
being transmitted. 

In this manner, black display is performed. 

With reference to Figure 13B, white display will 
be described. 



The process until the light is transmitted 
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through X/4 wave plate 7 to be circularly polarized light 
is the same as above and will not be described. 

When a voltage is applied to the liquid crystal 
5 layer 5, the liquid crystal molecules are tilted horizon- 
tal with respect to the surfaces of the substrates 1 and 
2. Accordingly, the circularly polarized light incident 
on the liquid crystal layer 5 becomes elliptically 
polarized light by the birefringence of the liquid 

10 crystal molecules. The light is then reflected by the 
reflective electrode 3, and the polarization is changed 
after the light is transmitted through the liquid crystal 
layer 5. After being transmitted through the k/4 wave 
plate 7, the light does not become linearly polarized 

15 light perpendicular to the transmission axis of the 
polarizer 6. Thus, the light is transmitted through the 
polarizer 6. 

By controlling the voltage applied to the liquid 
20 crystal layer 5, the amount of ligfht transmitted through 
*^ the polarizer 6 after being reflected by the reflective 
electrode 3 can be adjusted. Thus, gray scale display is 
provided . 

£0 
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When a voltage is applied to the liquid crystal 
layer 5 by the reflective electrode 3 and the counter 
electrode 4 to change the orientation of the liquid 
crystal molecules so that the phase difference by the 
liquid crystal layer 5 fulfills the 1/4 wavelength (A./4) 
condition, the circularly polarized light from the X/4 
wave plate 7 becomes linearly polarized light perpendicu- 
lar to the transmission axis of the polarizer 6 when 
reaching the reflective electrode 3 after being transmit- 
ted through the liquid crystal layer 5. The light is 
again transmitted through the liquid crystal layer 5 and 
the X/4 wave plate 7 to be linearly polarized light 
parallel to the transmission axis of the polarizer 6. In 
this case, the amount of light transmitted through the 
polarizer 6 is maximum. 

As described above, when no voltage is applied 
across the liquid crystal layer 5, black display is ob- 
tained since the liquid crystal layer 5 has substantially 
no birefringence; and when a voltage is applied across 
the liquid crystal layer 5, gray scale display is ob- 
tained by changing the light transmittance in accordance 
with the voltage. 



- 61 - 



S98435 



Figure 4 shows the spectral reflectance charac- 
teristics of the reflection-type LCD device in the first 
example, which is obtained when the cell gap of the 
liquid crystal layer is d=3.56 \im and the retardation 
(phase difference) by the liquid crystal layer is 
dAN=0.2752, in the case where the light is incident and 
received vertically. 

In Figure 4, the spectral reflectance to the 
single reflective plate in the case where the light is 
incident and received vertically is 100. 

As shown in Figure 4, a sufficient contrast ratio 
of 50 or more is obtained over the entire wavelength 
range of 400 run to 700 nm between the black display when 
no voltage is applied and the white display when a 
voltage of 3.25 V is applied. 

When a voltage of 3.25 V is applied, a reflect- 
ance of about 40% is obtained which is substantially 
equal to the transmittance of the polarizer 6. Such a 
high light utilization factor is suitable for a reflec- 
tion-type LCD device. 
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Figure 5 shows the spectral reflectance charac- 
teristics of the reflection-type LCD device in the first 
example, which is obtained when the cell gap of the 
liquid crystal layer is d=4.5 pm and the retardation 
(phase difference) by the liquid crystal layer is 
dAN=0.3479, in the case where the light is incident and 
received vertically. 

As shown in Figure 5, a sufficient contrast ratio 
of 50 or more is obtained in the entire wavelength range 
of 400 nm to 700 nm between the black display when no 
voltage is applied and the white display when a voltage 
of 3 V is applied. 

When a voltage of 3 V is applied, a reflectance 
of about 40% is obtained as in the case where the cell 
gap d=3.56 pm. 

Figure 6 shows the relationship between the cell 
gap and the contrast ratio of the reflection-type LCD 
device in the first example when the light is incident 
and received vertically at a wavelength of 550 nm. 

The. contrast ratio is measured by applying a 
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voltage by which the retardation (phase difference) dAN 
by the liquid crystal layer fulfills the 1/4 wavelength 
condition, 

5 As shown in Figure 6, the reflection-type LCD 

device in the first example maintains the contrast ratio 
of 500 or more regardless of the cell gap of the liquid 
crystal layer. 

10 Accordingly, when a voltage is applied across the 

liquid crystal layer, display is provided without any 
reduction of contrast ratio as long as the phase differ- 
ence dAN fulfills the 1/4 wavelength condition. The cell 
gap d can be arbitrarily set. 

15 

Figure 12 shows the relationship between the 
angle of the slower optic axis of the X/4 wave plate and 
the contrast ratio. The angle of the slower optic axis 
of the X/4 wave plate is set to 0 degrees when the slower 
20 optic axis is tilted at 45 degrees with respect to the 
transmission axis of the polarizer. 

When the angular difference of the slower optic 
axis is within 3 degrees, a contrast ratio of 500 or more 

6¥ 
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is obtained, and thus a reflection- type LCD device having 
satisfactory display characteristics is provided. 

In other words, high contrast is obtained even 
when the A./4 wave plate and the polarizer are combined 
together with an angle of the slower optic axis of the 
X/4 wave plate and the transmission axis of the polarizer 
being slightly offset from the set value. 

Figure 6 shows the values after the influence of 
the reflection by the surface of the panel is eliminated. 
In actual use, the reflection by the surface of the panel 
is not negligible. The contrast ratio with the reflec- 
tion by the panel being considered is about 20, which is 
still satisfactory for a reflection- type LCD device. 

The LCD device in the first example using a 
vertically aligned liquid crystal layer makes the 
retardation by the liquid crystal layer substantially 
zero when no voltage is applied. In the case of normally 
black display, the darkness of the black state is im- 
proved, thus enhancing the contrast. 
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( Example 2 ) 

An LCD device in a second example according to 
the present invention will be described with reference to 
Figure 2. Identical elements as those in the first 
example bear identical reference numerals. 

A substrate 2 includes a reflective electrode 3 
( shown as reflective electrode region in Figure 2 ) formed 
of a material having a high reflectance such as, for 
example, Al or Ta and a transmissive electrode 8 (shown 
as transmissive electrode region in Figure 2) formed of 
a material having a high transmittance such as, for 
example, ITO. A substrate 1 includes a counter electrode 
4 ( shown as transmissive electrode in Figure 2 ) . A 
liquid crystal layer 5 formed of a liquid crystal materi- 
al exhibiting negative dielectric anisotropy is inter- 
posed between the reflective electrode 3/transmissive 
electrode 8 and the counter electrode 4. 

Alignment layers (not shown) are provided on 
surfaces of the reflective electrode 3/transmissive 
electrode 8 and the counter electrode 4 which are in 
contact with the liquid crystal layer 5. The alignment 
layers are used to align liquid crystal molecules (not 



- 66 - 



S98435 



shown) in the liquid crystal layer 5 vertically to 
surfaces of the substrates 1 and 2. After the alignment 
layers are provided, at least one of the alignment layers 
is processed with alignment treatment such as, for 
example, rubbing. 

Due to the alignment treatment, the liquid 
crystal molecules in the liquid crystal layer 5 has a 
tilt angle of about 0.1 to 5 degrees with respect to the 
vertical direction to the surfaces of the substrates 1 
and 2. 

The reflective electrode 3 is used for applying 
a voltage to the liquid crystal layer 5, but the reflec- 
tive electrode 3 can be used only as a reflective plate 
but not as an electrode for applying a voltage. In such 
a case, for example, the transmissive electrode 8 can be 
extended onto the reflective electrode 3 to act as an 
electrode for applying a voltage to the liquid crystal 
layer 5 in the reflective region. 

The liquid crystal material used herein has a 
refractive index anisotropy of Ne (refractive index with 
respect to extraordinary ray )=1. 5546 and No (refractive 



- 67 - 



S98435 



index with respect to ordinary ray) =1.47 73. 

A X/4 wave plate 7 is provided on the surface of 
the substrate 1 opposite to the counter electrode 4. A 
slower optic axis of the X/4 wave plate 7 is set to be 
tilted at 45 degrees with respect to a longitudinal axis 
of the liquid crystal molecules when a voltage is applied 
across the liquid crystal layer 5 . 

A X/4 wave plate 10 is provided on the surface of 
the substrate 2 opposite to the reflective electrode 3 
and the transmissive electrode 8. A slower optic axis of 
the X/4 wave plate 10 is parallel to the slower optic 
axis of the X/ 4 wave plate 7. 

A polarizer 6 is provided on a surface of the X/4 
wave plate 7 opposite to the substrate 1. A polarizer 9 
is provided on a surface of the X/4 wave plate 10 oppo- 
site to the substrate 2. A transmission axis of the 
polarizers 6 is set to be tilted at 45 degrees with 
respect to the slower optic axis of the X/4 wave plate 7. 
A transmission axis of the polarizer 9 is set to be 
tilted at 45 degrees with respect to the slower optic 
axis of the X/4 wave plate 10. 
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Figure 8A is a plan view of an active matrix 
substrate (substrate 2) in the second example, and Figure 
8B is a cross-sectional view of the active matrix sub- 
strate taken along line 8B-8B ? of Figure 8A. 

5 

As shown in Figures 8A and 8B, the active matrix 
substrate includes a gate line 21, a data line 22, a 
driving element 23, a drain electrode 24, a storage 
capacitance electrode 35, a gate insulating layer 26, an 
10 insulating substrate 27, a contact hole 28, an interlayer 
insulating layer 29, a reflective pixel electrode (re- 
flective electrode region) 30 (corresponding to the 
reflective electrode 3 in Figure 2 ) , and a transmissive 
pixel electrode (transmissive electrode region) 31 
15 (corresponding to the transmissive electrode 8 in Figure 
2). 

The storage capacitance electrode 35 is electri- 
cally connected to the drain electrode 24, and overlaps 
20 the gate line 21 with the gate insulating layer 26 being 
interposed therebetween. Thus, the storage capacitance 

v.. 

electrode 35, the insulating layer 26 and the gate line 
21 form a storage capacitance. 
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The contact hole 28 is formed in the interlayer 
insulating layer 29 for connecting the transmissive pixel 
electrode 31 and the storage capacitance electrode 35 . 

5 The reflective pixel electrode 30 and the trans - 

missive pixel electrode 31 independently define a reflec- 
tive region and a transmissive region in each of a 
plurality of pixel areas in the LCD device. The reflec- 
tive region substantially performs reflection-mode 

10 display by reflecting external light, and the transmis- 
sive region substantially performs transmission-mode 
display by allowing the light from the backlight to be 
transmitted therethrough. Since there are, needless to 
say, light components incident on the LCD device oblique- 

15 ly in actual display, the boundary between the two region 
is not very clear. 



As shown in Figure 8A, it is typically preferable 
to provide the reflective electrode region 30 in a 
20 peripheral area of the pixel area, and to provide the 
transmissive electrode region 31 in a central area of the 
pixel area. By partially overlapping the reflective 
electrode region 30 with the gate lines 21 and the data 
line 22, a storage capacitance is formed and the display 
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area is enlarged. 

In the second example, a semi-transmission- and 
semi -reflection- type LCD device is provided. Figure 8C 
is a plan view of an active matrix substrate used in the 
semi -transmission- and semi -reflection- type LCD device. 
Figure 8D is a cross-sectional view of the active matrix 
substrate taken along line 8D-8D 1 of Figure 8C, and 
Figure 8E is a cross-sectional view of the active matrix 
substrate taken along line 8E-8E 1 of Figure 8C. 

The active matrix substrate shown in Figure 8C 
includes a small transmissive electrode region 30T in the 
reflective electrode region 30. The reflective electrode 
region 30 and the transmissive electrode region 30T do 
not independently define the reflective region and the 
transmissive region,, but the display in the reflection 
mode and the display in the transmission mode are mixed 
and overlapped in the entire pixel area. 

The active matrix substrate shown in Figure 8C is 
produced by, for example, as shown in Figure 8D, forming 
a reflective electrode 30 having a plurality of openings 
30T. Since a voltage is applied across the liquid 
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crystal molecules located on the openings 30T in the 
reflective electrode 30 by the reflective electrode 30 
(oblique electric field formed between the reflective 
electrode 30 and the counter electrode), formation of the 
transmissive electrode 31 can be omitted. In other 
words, the reflective electrode 30 can be formed of a 
semi-transmissive and semi-reflective layer. Alterna- 
tively, when the reflective electrode 30 is patterned by 
photolithography, openings having a prescribed shape can 
be formed at a prescribed density. One dimension of the 
openings should not be larger than the thickness of the 
liquid crystal layer so that a sufficient voltage can be 
applied across the liquid crystal layer by an oblique 
electric field. The electrode formed of a semi- 
transmissive and semi-reflective layer can be as de- 
scribed in Japanese Laid-Open Publication No. 7-333598. 
A semi-transmissive and semi-reflective layer is formed 
by depositing metal particles to a very small thickness 
within a pixel area or formed by forming microscopic 
holes or recesses in a scattered manner within a pixel 
area. 

Alternatively, the active matrix substrate shown 
in Figure 8C is produced by, for example, as shown in 
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Figure 8E, forming a transmissive electrode 44 on the 
reflective electrode region 30 having the openings in the 
entirety of the pixel area. In such a structure, the 
liquid crystal molecules on the transmissive electrode 
region 30T are supplied with the same level of voltage as 
the voltage applied across the liquid crystal molecules 
on the reflective electrode region 30. During the 
etching process for forming the transmissive electrode 44 
(for example, when the reflective electrode region 30 is 
formed of Al and the transmissive electrode 44 is formed 
of ITO), electrocorrosion may occur between the reflec- 
tive electrode region 30 and the transmissive electrode 
44, Electrocorrosion is avoided by, as shown in Figure 
8E, forming an interlayer insulating layer 42 (for exam- 
ple, formed of silicon oxide or polymeric resin) on the 
reflective electrode region 30 and forming the transmis- 
sive electrode 44 on the interlayer insulating layer 42. 

With reference to Figures 13A and 13B, light 

transmission and reflection in the LCD device in the 

transmission mode in the second example will be de- 
scribed. 
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Figure 13A shows black display performed when no 
voltage is applied across the liquid crystal layer 5, and 
Figure 13B shows white display performed when a voltage 
is applied across the liquid crystal layer 5. In these 
figures, the transmissive electrode 8 ( transmissive 
electrode region) is formed on the right side. In Figures 
13A and 13B, the reflective electrode region 3 has the 
same structure as that in the first example and thus will 
not be described. When the LCD device is used as the 
reflection- type LCD device, the LCD device operates in 
the same manner as in the first example. In the follow- 
ing description, the LCD device in the transmission mode 
will be described and the LCD device in the reflection 
mode will not be repeated. 

With reference to Figure 13A, black display will 
be described. 

The light emitted by a light source (not shown) 
is incident on the polarizer 9 to be linearly polarized 
light parallel to the transmission axis of the polarizer 
9. 

wave plate 10 is arranged so that the 
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slower optic axis thereof is tilted at 45 degrees with 
respect to the transmission axis of the polarizer 9. 
Thus, the light transmitted through the X/4 wave plate 10 
becomes -ar» circularly polarized light. 

When no voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules exhibiting 
negative dielectric anisotropy used in the liquid crystal 
layer 5 are substantially vertical to the surfaces of the 
substrates 1 and 2. Accordingly , the refractive index 
anisotropy of the liquid crystal layer 5 to the incident 
light is very small. In other words, the phase differ- 
ence caused by the transmission of the light through the 
liquid crystal layer 5 is substantially zero. 

Accordingly, the circularly polarized light from 
the X/4 wave plate 10 is transmitted through the liquid 
crystal layer 5 while maintaining circular polarization 
and is incident on the X/4 wave plate 7. 

The slower optic axis of the X/4 wave plate 10 
and the slower optic axis of the X/4 wave plate 7 are 
parallel to each other. Thus, the circularly polarized 
light incident on the X/4 wave plate 7 becomes linearly 
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polarized light perpendicular -bo the transmission axis of 
the polarizer 9 and is incident on the polarizer 6. 

The linearly polarized light from the X/4 wave 
5 plate 7 is perpendicular to the transmission axis of the 
polarizer 6 and is absorbed by the polarizer 6 without 
being transmitted. 

In this manner, black display is performed - 

With reference to Figure 13B, white display will 
be described. 

The process until the light is transmitted 
through k/4 wave plate 10 is the same as above and will 
not be described. 

When a voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules are tilted 
20 horizontal with respect to the surfaces of the substrates 
^ 1 and 2. Accordingly, the circularly polarized light 
Incident on the liquid crystal layer 5 becomes ellipti- 
cally polarized light by the birefringence of the liquid 
crystal molecules. The light does not become linearly 
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polarized light; perpendicular to the transmission axis of 
the polarizer 6 even after being transmitted through the 
k/4 wave plate 7 and thus is transmitted through the 
polarizer 6, 

5 

By controlling the voltage applied across the 
liquid crystal layer 5, the amount of light incident on 
the polarizer 6 can be adjusted. Thus, gray scale 
display is provided. 

10 

When a voltage is applied across the liquid 
crystal layer 5 so that the phase difference by the 
liquid crystal layer 5 fulfills the 1/2 wavelength 
condition, the circularly polarized light from the k/4 

15 wave plate 10 becomes linearly polarized light perpendic- 
ular to the transmission axis of the polarizer 6 at the 
half of the thickness of the liquid crystal layer 5, and 
then becomes circularly polarized light when being 
completely transmitted through the liquid crystal layer 

20 5. 

Since the circularly polarized light from the 
liquid crystal layer 5 becomes linearly polarized light 
parallel to .the transmission axis of the polarizer 6 when 
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being -transmitted through the X/4 wave plate 7, most of 
the light incident on the polarizer 6 is transmitted 
therethrough. In this case, the amount of light 
transmitted through the polarizer 6 is maximum, 

5 

As described above, when no voltage is applied 
across the liquid crystal layer 5, black display is 
obtained both in the reflective electrode region 3 and 
the transmissive electrode region 8 since there is no 
10 birefringence of the liquid crystal layer 5. When a 
voltage is applied across the liquid crystal layer 5 
while controlling the level of the voltage, the amount of 
light transmitted through the LCD device is adjusted and 
thus gray scale display is obtained. 

15 

Figure 9 shows the spectral reflectance charac- 
teristics of the transmission- and reflection- type LCD 
device in the second example, which is obtained when the 
cell gap of the liquid crystal layer is d=3.56 \xm and the 
20 phase difference by the liquid crystal layer is 
dAN=0.2752, in the case where the light is incident and 
received vertically. 

In Figure 9, the spectral reflectance in the 
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reflective electrode region is the same as in Figure 4. 

In Figure 9, the spectral reflectance to the air 
in the case where the light is incident and received 
vertically is 100 . 

As shown in Figure 9, sufficient contrast is 
obtained in the entire wavelength range of 400 nm to 
700 nm between the black display when no voltage is 
applied and the white display when a voltage of 5 V is 
applied* 

When a voltage of 5 V is applied, a reflectance 
of about 30% is obtained which is about 80% of the 
transmittance of the polarizer 6. Such a high light 
utilization factor is suitable for a transmission- and 
reflection- type LCD device. 

Figure 10 shows the spectral reflectance charac- 
teristics of the transmission- and reflection-type LCD 
device in the second example, which is obtained when the 
cell gap of the liquid crystal layer is d=4,5 pm and the 
phase difference by the liquid crystal layer is 
dAN=0.3749,. in the case where the light is incident and 
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received vertically. 

As shown in Figure 10, a sufficient contrast 
ratio is obtained in the entire wavelength range of 
400 nm to 700 nm between the black display when no 
voltage is applied and the white display when a voltage 
of 5 V is applied. 

When a voltage of 5 V is applied, a reflectance 
of about 40% is obtained. 

Figure 11 shows the relationship between the cell 
gap and the contrast ratio of the transmission- and 
reflection-type LCD device in the second example when the 
light is incident and received vertically at a wavelength 
of 550 nm. 

The contrast ratio is measured by applying a 
voltage by which the phase difference dAN by the liquid 
crystal layer fulfills the 1/2 wavelength condition. 

As shown in Figure 11, the transmission- and 
reflection- type LCD device in the second example main- 
tains the contrast ratio of 800 or more in the transmis- 
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sive electrode region (used as a transmission-type LCD 
device) and maintains the contrast ratio of 500 or more 
in the reflective electrode region (used as a reflection- 
type LCD device) regardless of the cell gap of the liquid 
crystal layer . 

Accordingly, when a voltage is applied across the 
liquid crystal layer, display is provided without any 
reduction of contrast ratio as long as the phase differ- 
ence dAN fulfills the 1/2 wavelength condition. The cell 
gap d can be arbitrarily set. 

Figure 12 shows the relationship between the 
angle of the slower optic axis of the A,/4 wave plate and 
the contrast ratio. The angle of the slower optic axis 
of the k/4 wave plate is set to 0 degrees when the slower 
optic axis is tilted at 45 degrees with respect to the 
transmission axis of the polarizer. 

When the angular difference of the slower optic 
axis is within 3 degrees, a contrast ratio of 50 or more 
is obtained both in the transmissive electrode region 
(when the LCD device is used as a transmission-type LCD 
device) and in the reflective electrode region (when the 
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LCD device is used as a ref lection-type LCD device), and 
thus a transmission- and reflection-type LCD device 
having satisfactory display characteristics is provided. 

Accordingly, one LCD device can be used both as 
a transmission-type LCD device for performing display 
using the light from the backlight transmitted through 
the transmissive electrode 8 when the ambient light is 
dark, and as a ref lection- type LCD device for performing 
display using the ambient light reflected by the reflec- 
tive electrode 3 formed of a material having a relatively 
high light reflectance when the ambient light is bright. 
Moreover, the LCD device can use both the backlight and 
the ambient light. 

When the ambient light is bright, the backlight 
need not be used. Thus, the power consumption is reduced 
compared to the conventional transmission-type LCD 
device. When the ambient light is dark, the backlight 
can be used. Thus, the problem of the conventional 
ref lection- type LCD device that the sufficient display is 
not obtained is overcome. 



The LCD device in the second example using a 
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vertically aligned liquid crystal layer makes the 
retardation by the liquid crystal layer substantially 
zero when no voltage is applied. In the case of normally 
black display, the darkness of the black state both in 
the transmission mode and the reflection mode is im- 
proved, thus enhancing the contrast. 

(Example 3) 

An LCD device in a third example according to the 
present invention will be described with reference to 
Figure 3. Identical elements as those in the first and 
second examples bear identical reference numerals and de- 
tailed descriptions thereof will be omitted. 

The LCD device in the third example includes a 
X/ 4 wave plate 10 and a phase compensation element 12 
between the substrate 2 and the polarizer 9 and also 
includes A/4 wave plate 7 and a phase compensation 
element 11 between the substrate 1 and the polarizer 6. 



The positions of the k/4 wave plate 10 and the 
phase compensation element 12, and the positions of the 
X/4 wave plate 7 and the phase compensation element 11 
are exchangeable, respectively. 
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When no voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules of the 
liquid crystal material exhibiting negative dielectric 
anisotropy in the liquid crystal layer 5 are aligned 
substantially vertically to the surfaces of the sub- 
strates 1 and 2. Thus, the refractive index anisotropy 
of the liquid crystal layer 5 to the light incident on 
the LCD device vertically is substantially nil. 

When the LCD device is used as a reflection-type 
LCD device, however, light incident in other directions 
as well as light incident vertically is used for display. 
When the light incident on the liquid crystal layer 5 
obliquely including ambient light is used for display, 
the display is influenced by the refractive index 
anisotropy. 

The viewing angle is not necessarily vertical to 
the surface of the substrates. As the viewing angle is 
offset from the vertical direction to the surface of the 
substrates, the display is more influenced by the refrac- 
tive index anisotropy of the liquid crystal molecules in 
the liquid crystal layer 5. Thus, the contrast ratio is 
reduced . 
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In this example, the phase compensation elements 
11 and 12 for compensating for the influence by such 
refractive index anisotropy of the liquid crystal mole- 
cules are provided to prevent the contrast from being 
reduced in accordance with the incident angle of light 
and the viewing direction. 

In the case where the pretilt angle of the liquid 
crystal molecules is slightly tilted with respect to the 
vertical direction to the surface of the substrates so 
that the liquid crystal molecules are tilted in one 
direction when a voltage is applied across the vertically 
aligned liquid crystal layer 5, slight refractive index 
anisotropy is caused in the vertical direction to the 
substrates even when no voltage is applied. The phase 
compensation elements are also used to compensate for the 
refractive index anisotropy and thus to further improve 
the contrast in the vertical direction to the substrates. 

In this example, the X/4 wave plate and the phase 
compensation element are described as being separate, but 
the same effects are obtained when the X/4 wave plate and 
the phase compensation element are in the same layer. 
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In this example, two phase compensation elements 
11 and 12 are provided, but only one phase compensation 
element 11 can be satisfactory* 

In the third example, the transmission- and 
reflection- type LCD device is described. In the case of 
the reflection- type LCD device in the first example also 
( Figure 1 ) , a phase compensation element can be provided 
between the polarizer 6 and the reflective electrode 3 to 
compensate for the refractive index anisotropy of the 
liquid crystal layer 5. Thus, reduction in the contrast 
is prevented. 

In the first through third example, black display 
and white display are described. Color display is also 
realized by providing a color filter on appropriate areas 
of the reflective electrode region and the transmissive 
electrode region. 

When a chiral dopant is added to the vertically 
aligned liquid crystal layer formed of a liquid crystal 
material exhibiting negative dielectric anisotropy of the 
LCD devices in the first through third examples, the 
liquid crystal molecules are rotated when a voltage is 
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applied. Thus, the rotation of the liquid crystal 
molecules at the time of voltage application is stabi- 
lized. 

When the liquid crystal layer is aligned to have 
a 90 degree twist, black display with very little optical 
leakage is obtained for the following reason. When the 
liquid crystal molecules are aligned to tilt at several 
degrees with respect to the normal direction to the 
surfaces of the substrates in order to prevent 
disclination when a voltage is applied, retardation is 
caused in the tilting direction of the liquid crystal 
molecules. However, since the liquid crystal molecules 
in areas in the vicinity of the top and bottom substrates 
make an angle of 90 degrees, the retardation is counter- 
acted. Thus, the resultant black display has very little 
optical leakage. 

The LCD devices in the first through third exam- 
ples use a vertically aligned liquid crystal layer formed 
of a material having negative dielectric anisotropy. The 
same effects are obtained when the liquid crystal layer 
is treated so that the liquid crystal molecules are 
aligned horizontal to the surface of the substrates. 
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In such a case, the liquid crystal molecules are 
aligned horizontal to the surfaces when no voltage is 
applied, and the liquid crystal molecules tilt toward the 
normal direction to the substrates when a voltage is 
applied. Accordingly, white display is performed when no 
voltage is applied, and black display is performed when 
a voltage is applied. 

In the case of the black display by the horizon- 
tally aligned liquid crystal layer, the remaining 
retardation is larger than in the case of the vertically 
aligned liquid crystal layer due to the liquid crystal 
molecules in the vicinity of the substrates. In order to 
perform more complete black display, a phase compensation 
element can be used. 

In the case where the liquid crystal molecules 
are aligned almost vertically to the substrates and the 
retardation of a is remaining in the reflection mode, a 
20 phase compensation element can be used having a retar- 
\.' dation of \/4-a in lieu of the X/4 wave plate 7 (Figures 
i , 2 and 3 ) . 

In ,the reflection mode, elliptically polarized 
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light which is offset: from the circularly polarized light 
by the remaining retardation of the liquid crystal layer 
is incident on the liquid crystal layer. The elliptical - 
ly polarized light becomes circularly polarized light 
when reaching the reflective electrode region after being 
transmitted through the liquid crystal layer. As a 
result of the reflection, the light becomes circularly 
polarized light having an opposite rotation direction. 
The light becomes elliptically polarized light offset 
from the circularly polarized light when being trans- 
mitted through and going out of the liquid crystal layer. 
The elliptically polarized light at this point is phase- 
offset at 90 degrees from the light which was incident. 
When being transmitted through the phase compensation 
element, the elliptically polarized light becomes linear- 
ly polarized light perpendicular to the transmission axis 
of the polarizer 6. 

As can be appreciated, even when the retardation 
remaining in the vertically aligned liquid crystal layer 
is not negligible, high contrast display is obtained in 
the reflection mode by providing a phase compensation 
element in consideration of the retardation. 
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An LCD device shown in Figure 2 including a 
horizontally aligned liquid crystal layer 5 will be de- 
scribed ♦ 

The liquid crystal layer 5 is formed of a materi- 
al available from Merck & Co., Inc. and has Ne=1.5328, 
No^l.4722 and AN=0.0606. The thickness of the liquid 
crystal layer 5 in the transmissive region is about 
5 . 2 \xm . 

The alignment layers provided on the substrates 

1 and 2 are treated by rubbing in the direction perpen- 
dicular to the gate line (or source line). The sub- 
strates 1 and 2 are combined so that the alignment layers 
on the substrates 1 and 2 are opposite to each other 
(anti-parallel). When no voltage, is applied across the 
liquid crystal layer 5, the molecular axis of the liquid 
crystal molecules in the liquid crystal layer 5 is 
aligned parallel to the surfaces of the substrates 1 and 

2 and perpendicular to the gate line. When a voltage is 
applied, the molecular axis of the liquid crystal mole- 
cules tilts in the normal direction to the surfaces of 
the substrates 1 and 2 while being substantially 
perpendicular to the gate line. In this example, the 
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axes of the polarizers 6 and 9 and the phase compensation 
elements 7 and 10 are set with the conditions that the 
voltage to be applied across the liquid crystal layer 5 
for white display is about 1.8 V and the voltage to be 
applied across the liquid crystal layer 5 for black 
display is about 5,3 V. 

The transmission axis of the polarizer 6 is set 
to be about 45 degrees clockwise with respect to the 
molecular axis of the liquid crystal molecules, and the 
slower optic axis of the phase compensation element 7 is 
set to be about 45 degrees clockwise with respect to the 
transmission axis of the polarizer 6. In other words, 
the slower optic axis of the phase compensation element 
7 is set to be about 90 degrees clockwise with respect to 
the molecular axis of the liquid crystal molecules. 

In consideration of the retardation by the liquid 
crystal layer 5 in the reflective region in the black 
display, two types of phase compensation elements having 
a retardation of about 105 nm and a retardation of about 
95 nm are used. Such retardations are offset from the 
X/4 condition (about 137.5 nm). By using a phase compen- 
sation element having a retardation of i/4-a, satisfacto- 
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ry contrast is realized in the reflective region* 

The slower optic axis of the phase compensation 
element 10 and the transmission axis of the polarizer 9 
are set in consideration of the retardation by the liquid 
crystal layer 5 in the transmission region in the black 
display. For a transmission- and reflection- type LCD 
device, first, the orientation of the polarizer 6 and the 
retardation and slower optic axis of the phase compensa- 
tion element 7 are determined with respect to the 
reflection region. Then, the retardation and slower 
orientation of the polarizer 6 and the retardation and 
slower optic axis of the phase compensation element 10 
and the orientation of the polarizer 9 are determined 
with respect to the transmission region, A change in the 
polarization state of the light transmitted through each 
layer in the transmissive region is equivalent when the 
light is incident on the display surface and when the 
light is incident from the backlight. The following 
description will be given regarding the light incident on 
the display surface for better understanding. 

The linearly polarized light incident on the 
liquid crystal layer 5 in the black state through the 
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polarizer 6 goes out of the liquid crystal layer 6 as 
elliptically polarized light having a longer axis or 
shorter axis at 45 degrees clockwise with respect to the 
molecular axis of the liquid crystal molecules. The 
elliptically polarized light can be converted into 
linearly polarized light by providing the phase 
compensation element 10 formed of a k/4 wave plate having 
a retardation of about 140 nm and locating the slower 
optic axis thereof in the same direction as the longer 
axis of the elliptically polarized light going out of the 
liquid crystal layer 5, i.e., at 45 degrees clockwise 
with respect to the molecular axis of the liquid crystal 
molecules. Then, the polarizer 9 is located so that the 
transmission axis thereof is perpendicular to the 
polarizing axis of the linearly polarized light going out 
of the phase compensation element 10. 

The angle of the polarizing axis of the linearly 
polarized light going out of the phase compensation 
element 10 depends on the polarization state of the 
elliptically polarized light incident on the phase 
compensation element 10. In this example, when the 
retardation of the phase compensation element 7 is about 
105 nm, the polarizing axis of the linearly polarized 
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light going out of the phase compensation element 10 is 
at about 10 degrees clockwise with respect to the molecu- 
lar axis of the liquid crystal molecules. Accordingly, 
by setting the transmission axis of the polarizer 9 at 
about 10 degrees clockwise with respect to the molecular 
axis of the liquid crystal molecules, satisfactory black 
display is obtained in the transmission region. When the 
retardation of the phase compensation element 7 is about 
95 nm, the polarizing axis of the linearly polarized 
light going out of the phase compensation element 10 is 
at about 97 degrees clockwise with respect to the molecu- 
lar axis of the liquid crystal molecules. Accordingly, 
by setting the transmission axis of the polarizer 9 at 
about 7 degrees clockwise with respect to the molecular 
axis of the liquid crystal molecules, satisfactory black 
display is obtained in the transmission region. 



horizontally aligned liquid crystal layer 5 will be de- 
scribed . 

The liquid' crystal layer 5 is formed of a materi- 
al available from Merck & Co., Inc. and has Ne=1.5328, 
No=1.4722 and AN=0.0606. The thickness of the liquid 



An LCD device shown in Figure 3 including a 
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crystal layer 5 is about: 5.2 pm. The alignment layers 
are positioned to be anti-parallel. The axes of the 
polarizers 6 and 9 and the phase compensation elements 7, 
10, 11 and 12 are set with the conditions that the 
voltage to be applied across the liquid crystal layer 5 
for white display is about 1.8 V and the voltage to be 
applied across the liquid crystal layer 5 for black 
display is about 5.3 V. 

The transmission axis of the polarizer 6 is set 
to be about 15 degrees clockwise with respect to the 
molecular axis of the liquid crystal molecules. The 
phase compensation element 11 is formed of a X/2 wave 
plate having a retardation of about 270 nm. The phase 
compensation element 11 is positioned so that the slower 
optic axis thereof is at about 30 degrees clockwise with 
respect to the molecular axis of the liquid crystal 
molecules. Furthermore, the phase compensation element 
7 is positioned so that the slower optic axis thereof is 
at about 90 degrees clockwise with respect to the molecu- 
lar axis of the liquid crystal molecules. The position- 
ing is performed from the order of the polarizer 6, the 
phase compensation element 11 and the phase compensation 
element 7. ■ In consideration of the retardation by the 
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liquid crystal layer 5 in the reflective region in the 
black display, two types of phase compensation elements 
having a retardation of about 105 nm and a retardation of 
about 95 nm are used. Such retardations are offset from 
5 the X/4 condition (about 137,5 nm). By using a phase 
compensation element having a retardation of A./4-a, 
satisfactory contrast is realized in the reflective 
region . 

The slower optic axis of the phase compensation 
elements 10 and 12 and the transmission axis of the 
polarizer 9 are set in consideration of the retardation 
by the liquid crystal layer 5 in the transmission region 
in the black display. The positioning is performed from 
the order of the phase compensation element 10, the phase 
compensation element 12, and the polarizer 9. 

The linearly polarized light incident on the 
liquid crystal layer 5 in the black state through the 
20 polarizer 6 goes out of the liquid crystal layer 6 as 
elliptically polarized light having a longer axis or 

"V. 

shorter axis at 45 degrees clockwise with respect to the 
molecular axis of the liquid crystal molecules. The 
elliptically polarized light can be converted into 
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linearly polarized light by providing "the phase 
compensation element 10 formed of a X/4 wave plate having 
a retardation of about 140 nm and locating the slower 
optic axis thereof in the same direction as the longer 
axis of the elliptically polarized light going out of the 
liquid crystal layer 5, i.e., at 45 degrees clockwise 
with respect to the molecular axis of the liquid crystal 
molecules. Then, the phase compensation element 12 
formed of a X/2 wave plate having a retardation of about 
270 nm is located so that the slower optic axis thereof 
is at 114 degrees clockwise with respect to the molecular 
axis of the liquid crystal molecules. Then, the polariz- 
er 9 is located so that the transmission axis thereof is 
perpendicular to the polarizing axis of the linearly 
polarized light going out of the phase compensation 
element 12 . 

The angle of the polarizing axis of the linearly 
polarized light going out of the phase compensation 
20 element 12 depends on the polarization state of the 
"n» elliptically polarized light incident on the phase 
compensation element 10. In this example, when the 
retardation of the phase compensation element 7 is about 
105 nm, the polarizing axis of the linearly polarized 
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light going out: of the phase compensation element 10 is 
at about 10 degrees clockwise with respect to the molecu- 
lar axis of the liquid crystal molecules. The polarizing 
axis of the linearly polarized light going out of the 
5 phase compensation element 12 is at about 128 degrees 
clockwise with respect to the molecular axis of the 
liquid crystal molecules. Accordingly, by setting the 
transmission axis of the polarizer 9 at about 38 degrees 
clockwise with respect to the molecular axis of the 

10 liquid crystal molecules, satisfactory black display is 
obtained in the transmission region. When the retarda- 
tion of the phase compensation element 7 is about 95 nm, 
the polarizing axis of the linearly polarized light going 
out of the phase compensation element 10 is at about 97 

15 degrees clockwise with respect to the molecular axis of 
the liquid crystal molecules. The polarizing axis of the 
linearly polarized light going out of the phase 
compensation element 12 is at about 125 degrees clockwise 
with respect to the molecular axis of the liquid crystal 

20 molecules. Accordingly, by setting the transmission axis 
"n. of the polarizer 9 at about 35 degrees clockwise with 
respect to the molecular axis of the liquid crystal 
molecules, satisfactory black display is obtained in the 
transmission region. 
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In the case where the liquid crystal layer has a 
remaining retardation of a in the reflection mode and a 
remaining retardation of p in the transmission mode, a 
phase compensation element having a retardation of A/4-a 
can be provided in lieu of the k/4 wave plate 7 and a 
phase compensation element having a retardation of A/4- 
(p-a) can be provided in lieu of the X/4 wave plate 10. 

In the transmission mode using the light trans- 
mitted through a region having a transmission function 
such as the transmissive electrode region, when the 
liquid crystal molecules are aligned vertically to the 
substrates, a phase compensation element having a 
retardation of A,/4-(p-a) is set so that the light going 
out of the liquid crystal layer is elliptically polarized 
light in the same state as in the reflection mode. The 
elliptically polarized light having such a phase differ- 
ence is incident on the phase compensation element having 
a retardation of X/4-a. Thus, when being transmitted 
through the phase compensation element having a retarda- 
tion of X/4-ot, the light becomes linearly polarized light 
perpendicular to the transmission axis of the polarizer 
6. Accordingly, black display with very little optical 
leakage is obtained. 
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As can be appreciated , even when the retardation 
remaining in the vertically aligned liquid crystal layer 
is not negligible, high contrast display is obtained in 
the reflection mode by providing a phase compensation 
5 element in consideration of the retardation. 



(Example 4) 

An LCD device in a fourth example according to 
the present invention will be described with reference to 
10 Figure 2. Identical elements as those in the first 
example bear identical reference numerals. 

A substrate 2 includes a reflective electrode 3 
(shown as reflective electrode region in Figure 2) formed 

15 of a material having a high reflectance such as, for 
example, Al or Ta and a transmissive electrode 8 (shown 
as transmissive electrode region in Figure 2) formed of 
a material having a high transmittance such as, for exam- 
ple, ITO. A substrate 1 includes a counter electrode 4 

20 (shown as transmissive electrode in Figure 2). A liquid 
crystal layer 5 formed of a liquid crystal material 
exhibiting negative dielectric anisotropy is interposed 
between the reflective electrode 3/transmissive electrode 
8 and the counter electrode 4. 
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Alignment layers (not shown) are provided on 
surfaces of the reflective electrode 3/transmissive 
electrode 8 and the counter electrode 4 which are in 
contact with the liquid crystal layer 5. The alignment 
5 layers are used to align liquid crystal molecules (not 
shown) in the liquid crystal layer 5 vertically to 
surfaces of the substrates 1 and 2, After the alignment 
layers are provided, at least one of the alignment layers 
is processed with alignment treatment such as, for 
10 example, rubbing. The alignment direction can be defined 
by optical alignment or electrode shape in lieu of 
rubbing . 



Due to the alignment treatment, the liquid 
15 crystal molecules in the liquid crystal layer 5 have a 
tilt angle of about 0.1 to 5 degrees with respect to the 
vertical direction to the surfaces of the substrates 1 
and 2 . 

20 The reflective electrode- 3 is used for applying 

a voltage to the liquid crystal layer 5, but the reflec- 
tive electrode 3 can be used only as a reflective plate 
but not as an electrode for applying a voltage. In such 
a case, for^example, the transmissive electrode 8 can be 
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extended onto the reflective electrode 3 to act as an 
electrode for applying a voltage to the liquid crystal 
layer 5 in the reflective region. 

The liquid crystal material used herein has a 
refractive index anisotropy of Ne (refractive index with 
respect to extraordinary ray )=1. 5546 and No (refractive 
index with respect to ordinary ray )=1 . 4773 . 

A k/4 wave plate 7 is provided on the surface of 
the substrate 1 opposite to the counter electrode 4, A 
k/4 wave plate 10 is provided on the surface of the 
substrate 2 opposite to the reflective electrode 3 and 
the transmissive electrode 8. A slower optic axis of the 
k/4 wave plate 10 is set to be perpendicular to the 
slower optic axis of the k/4 wave plate 7. 

A polarizer 6 is provided on a surface of the k/4 
wave plate 7 opposite to the substrate 1. A polarizer 9 
is provided on a surface of the k/4 wave plate 10 oppo- 
site to the substrate 2* A transmission axis of the 
polarizers 6 is set to be tilted at 45 degrees with 
respect to the slower optic axis of the k/4 wave plate 7. 
A transmission axis of the polarizer 9 is set to be 
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tilted at 45 degrees with respect to the slower optic 
axis of the X/4 wave plate 10. The slower optic axes of 
the X/4 wave plates 7 and 10 are perpendicular to each 
other and the transmission axes of the polarizers 6 and 
9 are perpendicular to each other. Therefore, when the 
angle of the slower optic axis of the phase compensation 
element 7 with respect to the transmission axis of the 
polarizer 6 is +45 degrees, the angle of the slower optic 
axis of the phase compensation element 10 with respect to 
the transmission axis of the polarizer 9 is also +45 
degrees. When the angle of the slower optic axis of the 
phase compensation element 7 with respect to the 
transmission axis of the polarizer 6 is -45 degrees, the 
angle of the slower optic axis of the phase compensation 
element 10 with respect to the transmission axis of the 
polarizer 9 is also -45 degrees. 

Figure 8A is a plan view of an active matrix 
substrate (substrate 2) in the fourth example, and Figure 
8B is a cross-sectional view of the active matrix sub- 
strate taken along line 8B-8B 1 of Figure 8A. 

As shown in Figures 8A and 8B, the active matrix 
substrate includes a gate line 21, a data line 22, a 
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driving element 23, a drain electrode 24, a storage 
capacitance electrode 25, a gate insulating layer 26, an 
insulating substrate 27, a contact hole 28, an interlayer 
insulating layer 29, a reflective pixel electrode (re- 
flective electrode region) 30 (corresponding to the 
reflective electrode 3 in Figure 2), and a transmissive 
pixel electrode (transmissive electrode region) 31 
(corresponding to the transmissive electrode 8 in Figure 
2). 

The storage capacitance electrode 25 is electri- 
cally connected to the drain electrode 24, and overlaps 
the gate line 21 with the gate insulating layer 26 being 
interposed therebetween. Thus, the storage capacitance 
electrode 25, the insulating layer 26 and the gate line 
21 form a storage capacitance. 

The contact hole 28 is formed in the interlayer 
insulating layer 29 for connecting the transmissive pixel 
electrode 31 and the storage capacitance electrode 25. 

The active matrix substrate includes a reflective 
pixel electrode 30 for reflecting the external light and 
a transmissive pixel electrode 31 for allowing the light 
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from the backlight to be transmitted therethrough in one 
pixel area. 

In Figure 8B, the reflective electrode 30 has a 
flat surface, but can have a wave-like surface in order 
to improve the reflectance. One pixel electrode includes 
the reflective pixel electrode 30 and the transmissive 
pixel electrode 31 in this example. Alternatively, a 
semi -transmissive and semi -reflective electrode * is 
usable. 

With reference to Figure 14A, 14B, 15A and 15B, 
light transmittance and reflectance in the transmission 
mode and the reflectance mode of the LCD device in the 
fourth example will be described. 

Figures 14A and 14B show the reflection mode 
using the reflective electrode. Figure 14A shows the 
black display when no voltage is applied across the 
vertically aligned liquid crystal layer, and. Figure 14B 
shows the white display when a voltage is applied across 
the vertically aligned liquid crystal layer. Figures 15A 
and 15B show the transmission mode using the transmissive 
electrode. , Figure 15A shows the black display when no 
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voltage is applied across the vertically aligned liquid 
crystal layer, and Figure 15B shows the white display 
when a voltage is applied across the vertically aligned 
liquid crystal layer. 

With reference to Figure 14A, black display in„/ 
the reflection mode will be described. 

The light incident on the polarizer 6 is 
transmitted through the polarizer 6 to be linearly 
polarized light parallel to the transmission axis of the 
polarizer 6 and then is incident on the X/4 wave plate 7. 

The X/4 wave plate 7 is arranged so that the 
transmission axis of the polarizer 6 and the slower optic 
axis of the X/4 wave plate 7 make an angle of 45 degrees. 
Thus, the light transmitted through the X/4 wave plate 7 
becomes circularly polarized light* 

When no voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules exhibiting 
negative dielectric anisotropy used in the liquid crystal 
layer 5 are substantially vertical to the surfaces of the 
substrates . 1 and 2. Accordingly, the refractive index 
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anisotropy of the liquid crystal layer 5 to the incident 
light is very small. In other words, the phase differ- 
ence caused by the transmission of the light through the 
liquid crystal layer 5 is substantially zero. 

Accordingly, the circularly polarized light from 
the X/4 wave plate 7 is transmitted through the liquid 
crystal layer 5 as almost being circularly polarized and 
reflected by the reflective electrode 3 in the substrate 
2. 

The circularly polarized light reflected by the 
reflective electrode 3 becomes circularly polarized light 
having an opposite rotation direction, and is transmitted 
through the X/4 wave plate 7 to be linearly polarized 
light perpendicular to the light which was incident on 
the X/4 wave plate 7 from the polarizer 6. 

The linearly polarized light from the X/4 wave 
plate 7 is perpendicular to the transmission axis of the 
polarizer 6. Such light is absorbed by the polarizer 6 
without being transmitted. 

In this manner, black display is performed. 
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With reference to Figure 14B, white display in 
the reflection mode will be described. 

The process until the light is transmitted 
through A./4 wave plate 7 to be circularly polarized light 
is the same as above and will not be described. 



When a voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules are slight - 

10 ly tilted toward the horizontal direction with respect to 
the surfaces of the substrates 1 and 2. Accordingly, the 
circularly polarized light incident on the liquid crystal 
layer 5 from the A/4 wave plate 7 becomes elliptically 
polarized light by the birefringence of the liquid 

15 crystal molecules. The light is then reflected by the 
reflective electrode 3, and further influenced by the 
birefringence of the liquid crystal molecules in the 
liquid crystal layer 5. After being transmitted through 
the A/4 wave plate 7, the light does not become linearly 

20 polarized light perpendicular to the transmission axis of 

^ x the polarizer 6. Thus, the light is transmitted through 

v. 

the polarizer 6. 

By controlling the voltage applied across the 
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liquid crystal layer 5, the amount of light transmitted 
through the polarizer 6 after being reflected by the 
reflective electrode 3 can be adjusted. Thus, gray scale 
display is provided. 

5 

When a voltage is applied across the liquid 
crystal layer 5 by the reflective electrode 3 and the 
counter electrode 4 to change the alignment of the liquid 
crystal molecules so that the phase difference by the 

10 liquid crystal layer 5 fulfills the 1/4 wavelength 
condition, the circularly polarized light from the k/A 
wave plate 7 becomes linearly polarized light perpendicu- 
lar to the transmission axis of the polarizer 6 when 
reaching the reflective electrode 3 after being transmit- 

15 ted through the liquid crystal layer 5. The light is 
again transmitted through the liquid crystal layer 5 to 
be circularly polarized light and then transmitted 
through the X/4 wave plate 7 to be linearly polarized 
light parallel to the transmission axis of the polarizer 

20 6. In this case, the amount of light transmitted through 
the polarizer 6 is maximum. 

Figure 14B shows the case having the liquid 
crystal layer retardation conditions by which a maximum 
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amount of light: reflected by the reflective electrode 3 
is transmitted through the polarizer 6* In other words, 
the light on the reflective electrode 3 is linearly 
polarized light perpendicular to the transmission axis of 
the polarizer 6. 

As described above, when no voltage is applied 
across the liquid crystal layer 5, black display is 
obtained since the liquid crystal layer 5 has substan- 
tially no birefringence; and when a voltage is applied 
across the liquid crystal layer 5, gray scale display is 
obtained by changing the light transmittance in accor- 
dance with the voltage. 

With reference to Figure 15A, black display in 
the transmission mode will be described. 

The light emitted by a light source (not shown) 
is incident on the polarizer 9 to be linearly polarized 
light parallel to the transmission axis of the polarizer 
9. 

The X/4 wave plate 10 is arranged so that the 
slower optic^axis thereof is tilted at 45 degrees with 
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respect to the transmission axis of the polarizer 9. 
Thus, the light transmitted through the X/4 wave plate 10 
is circularly polarized light. 

When no voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules exhibiting 
negative dielectric anisotropy used in the liquid crystal 
layer 5 are substantially vertical to the surfaces of the 
substrates 1 and 2. Accordingly, the refractive index 
anisotropy of the liquid crystal layer 5 to the incident 
light is very small. In other words, the phase differ- 
ence caused by the transmission of the light through the 
liquid crystal layer 5 is substantially zero. 

Accordingly, the circularly polarized light from 
the X/4 wave plate 10 is transmitted through the liquid 
crystal layer 5 while maintaining circular polarization 
and is incident on the X/4 wave plate 7. 

The slower optic axis of the X/4 wave plate 10 
and the slower optic axis of the X/4 wave plate 7 are set 
to be perpendicular to each other. Thus, the circularly 
polarized light incident on the X/4 wave plate 7 becomes 
linearly polarized light perpendicular to the transmis- 
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sion axis of the polarizer 9 and is incident on the 
polarizer 6. 

The linearly polarized light from the X/4 wave 
plate 7 is perpendicular to the transmission axis of the 
polarizer 6 and is absorbed by the polarizer 6 without 
being transmitted. 

In this manner, black display is performed. 

With reference to Figure 15B, white display in 
the transmission mode will be described. 

The process until the light is transmitted 
through k/4 wave plate 10 is the same as in Figure 15A 
and will not be described. 



When a voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules are slight- 
ly tilted toward the horizontal direction with respect to 
the surfaces of the substrates 1 and 2. Accordingly, the 
circularly polarized light incident on the liquid crystal 
layer 5 from the k/4 wave plate 10 becomes elliptically 
polarized light by the birefringence of the liquid 
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crystal molecules. The light does not become linearly 
polarized light perpendicular to the transmission axis of 
the polarizer 6 even after being transmitted through the 
k/4 wave plate 7 and thus is transmitted through the 
polarizer 6. 

By controlling the voltage applied across the 
liquid crystal layer 5, the amount of light transmitted 
through the polarizer 6 can be adjusted. Thus, gray 
scale display is provided. 

When a voltage is applied across the liquid 
crystal layer 5 so that the phase difference by the 
liquid crystal layer 5 fulfills the 1/2 wavelength 
condition, the circularly polarized light from the k/4 
wave plate 10 becomes linearly polarized light perpendic- 
ular to the transmission axis of the polarizer 6 at the 
half of the thickness of the liquid crystal layer 5, and 
then becomes circularly polarized light when being 
completely transmitted through the liquid crystal layer 
5. 

Since the circularly polarized light from the 
liquid crystal layer 5 becomes linearly polarized light 
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parallel "to the transmission axis of the polarizer 6 when 
being transmitted through the k/4 wave plate 7, most of 
the light incident on the polarizer 6 is transmitted 
therethrough. In this case, the amount of light 
transmitted through the polarizer 6 is maximum. 

Figure 15B shows the case having the liquid 
crystal layer retardation conditions by which a maximum 
amount of light transmitted through the polarizer 9 is 
transmitted through the polarizer 6. 

As described above, when no voltage is applied 
across the liquid crystal layer 5, black display is 
obtained; and when a voltage is applied across the liquid 
crystal layer 5, gray scale display is obtained by 
changing the light transmittance in accordance with the 
voltage. 

Figure 16 shows the relationship between the 
wavelength and the transmittance of the light when the 
slower optic axes of the A/4 wave plates 7 and 10 are 
perpendicular to each other as in the fourth example and 
when the slower optic axes of the k/4 wave plates 7 and 
10 are parallel to each other for comparison. 
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In the fourth example, since the slower optic 
axes of the A,/4 wave plates 7 and 10 are perpendicular to 
each other, the wavelength dependency of the refractive 
index anisotropy of one phase compensation element is 
counteracted by the wavelength dependency of the refrac- 
tive index anisotropy of the other phase compensation 
element* Thus, a prescribed phase difference is ful- 
filled in the entire region of the wavelengths from 
400 nm to 700 nm (visible light). Thus, the darkness of 
the black display is improved. 

The phase difference by the liquid crystal layer 
5 at which the reflectance is maximum in the bright 
display in the reflection mode is A/4, and the phase 
difference by the liquid crystal layer 5 at which the 
reflectance is maximum in the bright display in the 
transmission mode is A/2. As is appreciated from this, 
when the thickness of the liquid crystal layer in the 
reflective region and the thickness of the liquid crystal 
in the transmissive region are equal to each other, the 
phase differences of A/4 for the reflection mode and A/4 
for the transmission mode cannot be fulfilled at the same 
time. 
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In the case where display is performed by chang- 
ing the phase difference of the liquid crystal layer in 
the reflective region from 0 to X/4, a satisfactory light 
utilization factor cannot be obtained in the transmission 
mode since the phase difference of the liquid crystal 
layer in the transmissive region also changes only from 
0 to k/4. 

Satisfactory light utilization factors both in 
the reflection mode and the transmission mode are 
achieved by changing the thickness of the liquid crystal 
layer in the reflective region from the thickness in the 
transmissive region, or by applying different voltages to 
the liquid crystal layer in the reflection region and to 
the liquid crystal layer in the transmissive region. In 
the case where the thickness of the liquid crystal layer 
in the transmission region is made twice the thickness of 
the liquid crystal layer in the reflective region, the 
phase differences of the liquid crystal layer of X/4 for 
the reflection mode and of X/2 for the transmission mode 
are fulfilled at the same time. It is not necessary to 
make the thickness for the transmission mode twice the 
thickness for the reflection mode. The light utilization 
factor is raised by making the thickness for the trans- 
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mission mode larger than the thickness for the reflection 
mode. 

The refractive indices of birefringent materials 
5 forming the A/4 wave plates 7 and 10 with respect to the 
ordinary ray and extraordinary ray strongly depend on the 
wavelength. Therefore, the phase delay accumulated in 
,q the wavelength at a specific thickness also depends on 

rij the wavelength. The phase delay of A/4 can be completely 

m 10 provided to the linearly polarized light face of the 

incident light only when the incident light has a single 
p specified wavelength. Accordingly, in the area where the 

il phase delay of A/4 is not achieved due to the wavelength 

q dependency of the refractive index anisotropy of the 

15 birefringent material forming the A/4 wave plates 7 and 
10, a part of the light is transmitted through the 
polarizer 6 without being absorbed by polarizer 6. As a 
result, the darkness of the black display changes. In 
the fourth example, the slower optic axes of the A/4 wave 
20 plates 7 and 10 are set to be perpendicular to each 
^ N other, and the transmission axes of the polarizers 6 and 
9 are set to be perpendicular to each other. Due to such 
a structure, in the transmission mode, the wavelength 
dependency qf the refractive index anisotropy of the A/4 
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wave plate 10 is counteracted by the wavelength dependen- 
cy of the refractive index anisotropy of the X/ 4 wave 
plate 7. Thus/ the X/4 condition is fulfilled in the 
entire range from 400 run to 700 nm. Thus, the darkness 
of the black display is improved. 

When another phase compensation element is 
provided at least one of between the polarizer 6 and the 
liquid crystal layer 5 and between the polarizer 9 and 
the liquid crystal layer 5 to improve the viewing angle , 
satisfactory display is realized in a wide viewing angle. 

In the fourth example, the liquid crystal layer 
5 is vertically aligned. In the case where the liquid 
crystal molecules in the vicinity of the substrates have 
a certain tilt angle with respect to the vertical direc- 
tion to the substrates, the retardation is not completely 
zero even when no voltage is applied. By providing a 
phose compensation element in lieu of the k/4 wave plate 
7 for compensating for the retardation, better black 
display is obtained. 

In the case where the liquid crystal layer has a 
remaining retardation of a in the reflection mode, a 
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phase compensation element: having a retardation of A./4-a 
can be provided in lieu of the X/4 wave plate 7. 

In the reflection mode, elliptically polarized 
5 light which is offset from the circularly polarized light 
by the remaining retardation of the liquid crystal layer 
is incident on the liquid crystal layer. The elliptical- 
ly polarized light becomes circularly polarized light 
when reaching the reflective electrode after being 

10 transmitted through the liquid crystal layer. As a 
result of the reflection, the light becomes circularly 
polarized light having an opposite rotation direction. 
The light becomes elliptically polarized light offset 
from the circularly polarized light when being trans- 

15 mitted through and going out of the liquid crystal layer. 
The elliptically polarized light at this point has the 
phase at the time of incidence offset at 90 degrees. When 
being transmitted through the phase compensation element, 
the elliptically polarized light becomes linearly polar- 

20 ized light perpendicular to the transmission axis of the 
^n. polarizer 6. 

In the case where mainly reflection-mode display 
is performed,, such as, for example, when the reflective 
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pixel electrodes are larger than the transmissive pixel 
electrodes, the A/4 wave plate 10 used for display in the 
transmission mode can stay as it is . 

As can be appreciated, even when the retardation 
remaining in the vertically aligned liquid crystal layer 
is not negligible, high contrast display is obtained in 
the reflection mode by providing a phase compensation 
element in consideration of the retardation. 

In the case where the liquid crystal layer has a 
remaining retardation of a in the reflection mode and a 
remaining retardation of p in the transmission mode, a 
phase compensation element having a retardation of A/4-a 
can be provided in lieu of the k/A wave plate 7 and a 
phase compensation element having a retardation of X/4- 
(p-a) can be provided in lieu of the X/4 wave plate 10. 

In the transmission mode using the light trans- 
mitted through a region having a transmission function 
such as the transmissive electrode region, when the 
liquid crystal molecules are aligned vertically to the 
substrates, a phase compensation element having a 
retardation ^of X/4-(p-a) is set so that the light going 

/go 
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out of the liquid crystal layer is elliptically polarized 
light in the same state as in the reflection mode. The 
elliptically polarized light having such a phase differ- 
ence is incident on the phase compensation element having 
a retardation of A,/4-a. Thus, when being transmitted 
through the phase compensation element having a retarda- 
tion of A,/4-a, the light becomes linearly polarized light 
perpendicular to the transmission axis of the polarizer 
6. Accordingly, black display with very little optical 
leakage is obtained. 

As can be appreciated, even when the retardation 
remaining in the vertically aligned liquid crystal layer 
is not negligible, high contrast display is obtained in 
the reflection mode by providing a phase compensation 
element in consideration of the retardation. 

The LCD device in the fourth example uses a 
vertically aligned liquid crystal layer, but display is 
realized by the same principle using a horizontally 
aligned liquid crystal layer. In such a case, as a 
higher voltage is applied, the retardation by the liquid 
crystal layer is reduced. However, in the state where 
most of the liquid crystal molecules except for those in 
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the vicinity of the substrates are vertical to the 
substrates when a voltage is applied, the liquid crystal 
molecules in the vicinity of the substrates hardly move 



retardation occurs due to these liquid crystal molecules 
in the vicinity of the substrates. As can be appreciat- 
ed, when the horizontally aligned liquid crystal layer is 
used, optical leakage occurs during the black display and 
the contrast is reduced by the influence of the remaining 
retardation compared to when the vertically aligned 
liquid crystal layer is used. In order to realize the 
same quality of black display with the horizontally 
aligned liquid crystal layer as provided by the vertical- 
ly aligned liquid crystal layer, the liquid crystal 
molecules in the vicinity of the substrates need be 
aligned so as to interact the remaining retardations by 
the liquid crystal molecules, or a phase compensation 
element need be additionally provided. 

( Example 5 ) 

An LCD device in a fifth example according to the 
present invention will be described with reference to 
Figure 17. 



due to the electric field. 



Accordingly, remaining 
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A substrate 2 includes a reflective electrode 3 
(shown as reflective electrode region in Figure 17) 
formed of a material having a high reflectance such as, 
for example, Al or Ta and a transmissive electrode 8 
(shown as transmissive electrode region in Figure 17) 
formed of a material having a high transmittance such as, 
for example, ITO. A substrate 1 includes a counter elec- 
trode 4 (shown as transmissive electrode in Figure 17 )• 
A liquid crystal layer 5 formed of a liquid crystal 
material exhibiting negative dielectric anisotropy is 
interposed between the reflective electrode 
3/transmissive electrode 8 and the counter electrode 4. 

Alignment layers (not shown) are provided on 
surfaces of the reflective electrode 3/transmissive 
electrode 8 and the counter electrode 4 which are in 
contact with the liquid crystal layer 5. The alignment 
layers are used to align liquid crystal molecules ( not 
shown) in the liquid crystal layer 5 vertically to 
surfaces of the substrates 1 and 2, After the alignment 
layers are provided, at least one of the alignment layers 
is processed with alignment treatment such as, for 
example, rubbing* The alignment direction can be defined 
by optical .alignment or electrode shape in lieu of 
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rubbing . 

Due to "the alignment treatment, the liquid 
crystal molecules in the liquid crystal layer 5 has a 
tilt angle of about 0.1 to 5 degrees with respect to the 
vertical direction to the surfaces of the substrates 1 
and 2. 

The reflective electrode 3 is used for applying 
a voltage to the liquid crystal layer 5, but the reflec- 
tive electrode 3 can be used only as a reflective plate 
but not as an electrode for applying a voltage. In such 
a case, for example, the transmissive electrode 8 can be 
extended onto the reflective electrode 3 to act as an 
electrode for applying a voltage to the liquid crystal 
layer 5 in the reflective region. 

The liquid crystal material used herein has a 
refractive index anisotropy of Ne (refractive index with 
respect to extraordinary ray) =1.5546 and No (refractive 
index with respect to ordinary ray) =1.4773. 

A X/4 wave plate 7 is provided on the surface of 
the substrat^e 1 opposite to the counter electrode 4. A 
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X/4 wave plate 10 is provided on the surface of the 
substrate 2 opposite to the reflective electrode 3 and 
the transmissive electrode 8. A slower optic axis of the 
X/4 wave plate 10 is set to be perpendicular to the 
slower optic axis of the X/4 wave plate 7. 

A" A/2 wave plate 11 is provided on the surface of 
X/4 wave plate 7 opposite to the substrate 1. A X/2 wave 
plate 12 is provided on the surface of the X/4 wave plate 
10 opposite to the substrate 2. A slower optic axis of 
the X/2 wave plate 11 is set to be tilted at 60 degrees 
with respect to the X/4 wave plate 7. A slower optic 
axis of the X/2 wave plate 12 is set to be perpendicular 
to the slower optic axis of the X/2 wave plate 11. 

A polarizer 6 is provided on a surface of the X/2 
wave plate 11 opposite to the substrate 1. A polarizer 
9 is provided on a surface of the X/2 wave plate 12 oppo- 
site to the substrate 2, A transmission axis of the 
polarizers 6 is set to be tilted at 75 degrees with 
respect to the slower optic axis of the X/4 wave plate 7 
in such a direction as to interpose the slower optic axis 
of the X/2 wave plate 11, and is set to be tilted at 15 
degrees with respect to the slower optic axis of the X/2 

/2T 
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wave plate 11* A transmission axis of the polarizer 9 is 
set to be tilted at 75 degrees with respect to the slower 
optic axis of the X/4 wave plate 10 in such a direction 
as to interpose the slower optic axis of the X/2 wave 
plate 12, and is set to be tilted at 15 degrees with 
respect to the slower optic axis of the X/2 wave plate 
12. The transmission axis of the polarizer 6 is set to 
be perpendicular to the transmission axis of the polariz- 
er 9. 

Figure 8A is a plan view of an active matrix 
substrate (substrate 2) in the second example, and Figure 
8B is a cross -sectional view of the active matrix sub- 
strate taken along line 8B-8B' of Figure 8A. 

As shown in Figures 8A and 8B, the active matrix 
substrate includes a gate line 21, a data line 22, a 
driving element 23, a drain electrode 24, a storage 
capacitance electrode 25, a gate insulating layer 26, an 
insulating substrate 27, a contact hole 28, an interlayer 
insulating layer 29, a reflective pixel electrode (re- 
flective electrode region) 30 (corresponding to the 
reflective electrode 3 in Figure 17), and a transmissive 
pixel electrode (transmissive electrode region) 31 
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(corresponding to the transmissive electrode 8 in Figure 
17). 

The storage capacitance electrode 25 is electri- 
cally connected to the drain electrode 24, and overlaps 
the gate line 21 with the gate insulating layer 26 being 
interposed therebetween. Thus, the storage capacitance 
electrode 25, the insulating layer 26 and the gate line 
21 form a storage capacitance. 

The contact hole 28 is formed in the interlayer 
insulating layer 29 for connecting the transmissive pixel 
electrode 31 and the storage capacitance electrode 25. 

The active matrix substrate includes a reflective 
pixel electrode 30 for reflecting the external light and 
a transmissive pixel electrode 31 for allowing the light 
from the backlight to be transmitted therethrough in one 
pixel area. 

In Figure 8B, the reflective electrode 30 has a 
flat surface, but can have a wave-like surface in order 
to improve the reflectance. One pixel electrode includes 
the reflective pixel electrode 30 and the transmissive 
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pixel electrode 31 in this example. Alternatively, a 
semi-transmissive and semi -reflective electrode is 
usable* 

With reference to Figures 18A, 18B, 18C and 18D, 
light transmittance and reflectance in the transmission 
mode and the reflectance mode of the LCD device in the 
fifth example will be described. 

Figures 18A and 18B show the reflection mode 
using the reflective electrode. Figure 18A shows the 
black display when no voltage is applied across the 
vertically aligned liquid crystal layer, and Figure 18B 
shows the white display when a voltage is applied across 
the vertically aligned liquid crystal layer. Figures 18C 
and 18D show the transmission mode using the transmissive 
electrode. Figure 18C shows the black display when no 
voltage is applied across the vertically aligned liquid 
crystal layer, and Figure 18D shows the white display 
when a voltage is applied across the vertically aligned 
liquid crystal layer. 

With reference to Figure 18A, black display in 
the reflection mode will be described. 
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The light incident on the polarizer 6 is 
transmitted through the polarizer 6 to be linearly 
polarized light parallel to the transmission axis of the 
polarizer 6 and then is incident on the X/2 wave plate 
11. 

The X/2 wave plate 11 is arranged so that the 
transmission axis of the polarizer 6 and the slower optic 
axis of the X/2 wave plate 11 make an angle of 15 de- 
grees. Thus, the light transmitted through the k/2 wave 
plate 11 becomes linearly polarized light tilted at 30 
degrees with respect to the transmission axis of the 
polarizer 6 in such a direction as to interpose the 
slower optic axis of the X/2 wave plate 11 . Then, the 
light is incident on the X/4 wave plate 7. 

The X/A wave plate 7 is arranged so that the 
slower optic axis thereof is tilted at 75 degrees with 
respect to the transmission axis of the polarizer 6 in 
such a direction as to interpose the slower optic axis of 
the X/2 wave plate 11. In other words, the slower optic 
axis of the X/4 wave plate 7 is set to be 45 degrees with 
respect to the polarization direction of the linearly 
polarized light from the X/2 wave plate 11, and thus the 
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light transmitted through the X/4 wave plate 7 is circu- 
larly polarized light. 

When no voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules exhibiting 
negative dielectric anisotropy used in the liquid crystal 
layer 5 are substantially vertical to the surfaces of the 
substrates 1 and 2. Accordingly, the refractive index 
anisotropy of the liquid crystal layer 5 to the incident 
light is very small. In other words, the phase differ- 
ence caused by the transmission of the light through the 
liquid crystal layer 5 is substantially zero. 

Accordingly, the circularly polarized light from 
the A/4 wave plate 7 is transmitted through the liquid, 
crystal layer 5 as almost being circularly polarized and 
reflected by the reflective electrode 3 in the substrate 
2. 

The circularly polarized light reflected by the 
reflective electrode 3 becomes circularly polarized light 
having an opposite rotation direction, and is transmitted 
through the k/4 wave plate 7 to be linearly polarized 
light perpendicular to the light which was incident on 
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the A/4 wave plate 7 from the polarizer 6. Then, the 
light is incident on the A/2 wave plate 11. 

The linearly polarized light from the A/2 wave 
plate 11 is perpendicular to the transmission axis of the 
polarizer 6. Such light is absorbed by the polarizer 6 
without being transmitted* 

In this manner, black display is performed. 

With reference to Figure 18B, white display in 
the reflection mode will be described. 

The process until the light is transmitted 
through A/4 wave plate 7 to be circularly polarized light 
is the same as above and will not be described. 

When a voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules are slight- 
ly tilted toward the horizontal direction with respect to 
the surfaces of the substrates 1 and 2. Accordingly, the 
circularly polarized light incident on the liquid crystal 
layer 5 from the A/4 wave plate 7 becomes elliptically 
polarized light by the birefringence of the liquid 
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crystal molecules. The light is then reflected by the 
reflective electrode 3, and further influenced by the 
birefringence of the liquid crystal molecules in the 
liquid crystal layer 5 . After being transmitted through 
the A/4 wave plate 7 and the A/2 wave plate 11, the light 
does not become linearly polarized light perpendicular to 
the transmission axis of the polarizer 6. Thus, the 
light is transmitted through the polarizer 6. 

By controlling the voltage applied across the 
liquid crystal layer 5, the amount of light transmitted 
through the polarizer 6 after being reflected by the 
reflective electrode 3 can be adjusted. Thus, gray scale 
display is provided. 

When a voltage is applied across the liquid 
crystal layer 5 by the reflective electrode 3 and the 
counter electrode 4 to change the alignment of the liquid 
crystal molecules so that the phase difference by the 
liquid crystal layer 5 fulfills the 1/4 wavelength 
condition, the circularly polarized light from the A/4 
wave plate 7 becomes linearly polarized light perpendicu- 
lar to the transmission axis of the polarizer 6 when 
reaching the reflective electrode 3 after being transmit- 
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ted through the liquid crystal layer 5. The light is 
again transmitted through the liquid crystal layer 5 to 
be circularly polarized light and then transmitted 
through the k/4 wave plate 7 and the X/2 wave plate 11 to 
5 be linearly polarized light parallel to the transmission 
axis of the polarizer 6. In this case, the amount of 
light transmitted through the polarizer 6 is maximum. 

Figure 18B shows the case having the liquid 
10 crystal layer retardation conditions by which a maximum 
amount of light reflected by the reflective electrode 3 
is transmitted through the polarizer 6. In other words, 
the light on the reflective electrode 3 is linearly 
polarized light perpendicular to the transmission axis of 
15 the polarizer 6. 

As described above, when no voltage is applied 
across the liquid crystal layer 5, black display is 
obtained since the liquid crystal layer 5 has substan- 
20 tially no birefringence; and when a voltage is applied 
across the liquid crystal layer 5, gray scale display is 
obtained by changing the light transmittance in accor- 
dance with the voltage. 
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With reference to Figure 18C, black display in 
the transmission mode will be described. 

The light emitted by a light source (not shown) 
5 is incident on the polarizer 9 to be linearly polarized 
light parallel to the transmission axis of the polarizer 
9. Then, the light is incident on the k/2 wave plate 12. 

The k/2 wave plate 12 is arranged so that the 
10 slower optic axis thereof is tilted at 15 degrees with 
respect to the transmission axis of the polarizer 9 and 
further to be perpendicular to the slower optic axis of 
the k/2 wave plate 11. Thus, the light transmitted 
through the k/2 wave plate 12 is linearly polarized light 
15 tilted at 30 degrees with respect to the transmission 
axis of the polarizer 9 in such a direction as to inter- 
pose the slower optic axis of the k/2 wave plate 12. 
Then, the light is incident on the k/4 wave plate 10. 

20 The k/4 wave plate 10 is arranged so that the 

""■^ slower optic axis thereof is tilted at 75 degrees with 

v., 

respect to the transmission axis of the polarizer 9 in 
such a direction as to interpose the slower optic axis of 
the k/2 wave plate 12. In other words, the slower optic 
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axis of the A/4 wave plate 10 is set to be 45 degrees 
with respect to the polarization direction of the linear- 
ly polarized light from the X/2 wave plate 12, and thus 
the light transmitted through the A/4 wave plate 10 is 
circularly polarized light. 

When no voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules exhibiting 
negative dielectric anisotropy used in the liquid crystal 
layer 5 are substantially vertical to the surfaces of the 
substrates 1 and 2. Accordingly, the refractive index 
anisotropy of the liquid crystal layer 5 to the incident 
light is very small. In other words, the phase differ- 
ence caused by the transmission of the light through the 
liquid crystal layer 5 is substantially zero. 

Accordingly, the circularly polarized light from 
the X/4 wave plate 10 is transmitted through the liquid 
crystal layer 5 as almost being circularly polarized and 
is incident on the X/4 wave plate 7. 

The slower optic axes of the X/4 wave plates 10 
and 7 are set to be perpendicular to each other. Thus, 
the circularly polarized light from the X/4 wave plate 7 
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becomes linearly polarized light perpendicular to the 
transmission axis of the polarizer 8 and then is incident 
on the k/2 wave plate 11. 

The linearly polarized light transmitted through 
the k/2 wave plate 11 is perpendicular to the transmis- 
sion axis of the polarizer 6. Such light is absorbed by 
the polarizer 6 without being transmitted. 

In this manner, black display is performed. 

With reference to Figure 18D, white display in 
the transmission mode will be described. 

The process until the light is transmitted 
through k/4 wave plate 10 to be circularly polarized 
light is the same as above and will not be described. 

When a voltage is applied across the liquid 
crystal layer 5, the liquid crystal molecules are slight- 
ly tilted toward the horizontal direction with respect to 
the surfaces of the substrates 1 and 2. Accordingly, the 
circularly polarized light incident on the liquid crystal 
layer 5 f roq^ the k/4 wave plate 10 becomes elliptically 
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polarized light by the birefringence of the liquid 
crystal molecules. The light does not become linearly 
polarized light perpendicular to the transmission axis of 
the polarizer 6 even after being transmitted through the 
A/4 wave plate 7 and the X/2 wave plate 11 and a part of 
the light is transmitted through the polarizer 6* 

By controlling the voltage applied across the 
liquid crystal layer 5, the amount of light transmitted 
through the polarizer 6 can be adjusted. Thus, gray 
scale display is provided. 

When a voltage is applied across the liquid 
crystal layer 5 so that the phase difference by the 
liquid crystal layer 5 fulfills the 1/2 wavelength 
condition, the circularly polarized light from the k/4 
wave plate 10 becomes linearly polarized light perpendic- 
ular to the transmission axis of the polarizer 6 at the 
half of the thickness of the liquid crystal layer 5, and 
then becomes circularly polarized light when being 
completely transmitted through the liquid crystal layer 
5. 



Sinqe the circularly polarized light from the 
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liquid crystal layer 5 becomes linearly polarized light 
parallel to the transmission axis of the polarizer 6 when 
being transmitted through the A/4 wave plate 7 and the 
A/2 wave plate 11, most of the light incident on the 
polarizer 6 is transmitted therethrough. In this case, 
the amount of light transmitted through the polarizer 6 
is maximum. 

Figure 18D shows the case having the liquid 
crystal layer retardation conditions by which a maximum 
amount of light transmitted through the polarizer 9 is 
transmitted through the polarizer 6. 

As described above, when no voltage is applied 
across the liquid crystal layer 5, black display is 
obtained since the liquid crystal layer 5 has substan- 
tially no birefringence; and when a voltage is applied 
across the liquid crystal layer 5, gray scale display is 
obtained by changing the light transmittance in accor- 
dance with the voltage. 

The phase difference by the liquid crystal layer 
5 at which the reflectance is maximum in the bright 
display in- the reflection mode is A/4, and the phase 
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difference by the liquid crystal layer 5 at which the 
reflectance is maximum in the bright display in the 
transmission mode is A/2. As is appreciated from this, 
when the thickness of the liquid crystal layer in the 
reflective region and the thickness of the liquid crystal 
in the transmissive region are equal to each other, the 
phase differences of A/4 for the reflection mode and A/4 
for the transmission mode cannot be fulfilled at the same 
time . 

In the case where display is performed by chang- 
ing the phase difference of the liquid crystal layer in 
the reflective region from 0 to A/4, a satisfactory light 
utilization factor cannot be obtained in the transmission 
mode since the phase difference of the liquid crystal 
layer in the transmissive region also changes only from 
0 to A/4. 

Satisfactory light utilization factors both in 
the reflection mode and the transmission mode are 
achieved by changing the thickness of the liquid crystal 
layer in the reflective region from the thickness in the 
transmissive region, or by applying different voltages to 
the liquid crystal layer in the reflection region and to 
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t:he liquid crystal layer in the transmissive region. In 
the case where the thickness of the liquid crystal layer 
in the transmission region is made twice the thickness of 
the liquid 1 crystal layer in the reflective region, the 
phase differences of the liquid crystal layer of X/4 for 
the reflection mode and of X/2 for the transmission mode 
are fulfilled at the same time. It is not necessary to 
make the thickness for the transmission mode twice the 
thickness for the reflection mode* The light utilization 
factor is raised by making the thickness for the trans- 
mission mode larger than but not exceeding twice the 
thickness for the reflection mode. 

In the fifth example, the slower optic axis of 
the X/4 wave plate 10 is set to be perpendicular to the 
slower optic axis of the X/4 wave plate 7, the slower 
optic axis of the X/2 wave plate 12 is set to be 
perpendicular to the slower optic axis of the X/2 wave 
plate 11, and the transmission axis of the polarizer 6 is 
set to be perpendicular to the transmission axis of the 
polarizer 9. The present invention is not limited to 
such setting. Black display is realized when linearly 
polarized light transmitted through the polarizer 9 with 
no retardation by the liquid crystal layer 5 is incident 



- 140 - 



S98435 



on the polarizer 6 as being perpendicular to the 
transmission axis of the polarizer 6 in the transmission 
mode. 

More specifically, as long as the following 
conditions are fulfilled, the black display is realized 
with no birefringence in the liquid crystal layer 5 and 
the grey scale display is realized by changing the light 
transmittance in accordance with the voltage, even 
without the above setting: Where the angle made by the 
transmission axis of the polarizer 6 and the slower optic 
axis of the X/2 wave plate 11 is Y 1 ^ "the angle made by 
the transmission axis of the polarizer 6 and the slower 
optic axis of the A./4 wave plate 7 is 2yl+45 degrees; 
where the angle made by the transmission axis of the 
polarizer 9 and the slower optic axis of the X/2 wave 
plate 12 is y2, the angle made by the transmission axis 
of the polarizer 9 and the slower optic axis of the X/4 
wave plate 10 is 2y2+45 degrees; and the linearly polar- 
ized light transmitted through the polarizer 9 with no 
retardation of the liquid crystal layer 5 is incident on 
the polarizer 6 as being perpendicular to the transmis- 
sion axis of the polarizer 6 in the transmission mode. 
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The refractive indices of biref ringervt materials 
forming the X/4 wave plates 7 and 10 and the X/2 wave 
plate 11 and 12 with respect to the ordinary ray and 
extraordinary ray strongly depend on the wavelength. 
Therefore, the phase delay accumulated in the wavelength 
at a specific thickness also depends on the wavelength* 
The phase delay of X/4 can be completely provided to the 
linearly polarized light face of the incident light only 
when the incident light has a single specified wave- 
length. Accordingly, in the area where the phase delay 
of X/4 is not achieved due to the wavelength dependency 
of the refractive index anisotropy of the birefringent 
material forming the X/4 wave plates 7 and 10 and the X/2 
wave plate 11 and 12, a part of the light is transmitted 
through the polarizer 6 without being absorbed by polar- 
izer 6. As a result, the darkness of the black display 
changes. In the fifth example, the X/4 wave plate 7 is 
combined with the X/2 wave plate 11 and the X/4 wave 
plate 10 is combined with the X/2 wave plate 12. Due to 
such a structure, the wavelength dependency of the 
refractive index anisotropy of the X/4 wave plate 10 is 
counteracted to some extent by the wavelength dependency 
of the refractive index anisotropy of the X/4 wave plate 
7. Thus, tfc*e X/4 condition is fulfilled in a relatively 
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wide wavelength range. Thus, the darkness of the black 
display is improved. 

Needless to say, the darkness of the black 
display can be improved without setting the slower optic 
axis of the A./4 wave plate 10 to be perpendicular to the 
slower optic axis of the X/4 wave plate 7 and setting the 
slower optic axis of the X/2 wave plate 12 to be 
perpendicular to the slower optic axis of the X/2 wave 
plate 11. 

In this example, Yl=Y 2=1 5 degrees, but the values 
of Y 1 and Y 2 can be changed in accordance with a desired 
darkness. The X/2 wave plate 12 can be eliminated to 
improve the cost performance although the darkness in the 
black display is deteriorated in the transmission mode. 
In this case, however, the angle of the slower optic axis 
of the X/4 wave plate 10 and the transmission axis of the 
polarizer 9 need be set so that the linearly polarized 
light transmitted through the polarizer 9 with no retar- 
dation in the liquid crystal layer 5 is incident on the 
-v. 

polarizer 6 as being perpendicular to the transmission 
axis of the polarizer 6 in the transmission mode. 
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In the case where the slower optic axis of the 
X/4 wave plate 10 is set to be perpendicular to the 
slower optic axis of the X/4 wave plate 7, the slower 
optic axis of the X/2 wave plate 12 is set to be 
perpendicular to the slower optic axis of the X/2 wave 
plate 11, and the transmission axis of the polarizer 6 is 
perpendicular to the transmission axis of the polarizer 
9, the following effects are obtained in the transmission 
mode. The wavelength dependency of the refractive index 
anisotropy of the A/4 wave plate 10 is counteracted by 
the wavelength dependency of the refractive index 
anisotropy of the X/4 wave plate 7, and the wavelength 
dependency of the refractive index anisotropy of the X/2 
wave plate 12 is counteracted by the wavelength dependen- 
cy of the refractive index anisotropy of the X/2 wave 
plate 11. Thus, the darkness of the black display is 
further improved . . 

When another phase compensation element is 
provided at least one of between the polarizer 6 and the 
liquid crystal layer 5 and between the polarizer 9 and 
the liquid crystal' layer 5 to improve the viewing angle, 
satisfactory display is realized in a wide viewing angle. 
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In the fifth example, the liquid crystal layer 5 
is vertically aligned. In the case where the liquid 
crystal molecules in the vicinity of the substrates have 
a certain tilt angle with respect to the vertical direc- 
5 tion to the substrates, the retardation is not completely 
zero even when no voltage is applied. In the reflection 
mode, when the retardation of a is remaining, a phase 
compensation element can be provided at least one of 
between the polarizer 6 and the liquid crystal layer 5 
10 and between the polarizer 9 and the liquid crystal layer 
5 in order to compensate for the retardation and make the 
retardation closer to zero. Thus, better black display 
is realized. 

15 In the case where the vertically aligned liquid 

crystal layer has a remaining retardation of a in the 
reflection mode, a phase compensation element having a 
retardation of A/4-a can be provided in lieu of the X/4 
wave plate 7. 

20 

X In the reflection mode, elliptically polarized 

light which is offset from the circularly polarized light 
by the remaining retardation of the liquid crystal layer 
is incident ^on the liquid crystal layer. The elliptical- 

AS" 
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ly polarized light becomes circularly polarized light 
when reaching the reflective electrode after being 
transmitted through the liquid crystal layer. As a 
result of the reflection, the light becomes circularly 
polarized light having an opposite rotation direction. 
The light becomes elliptically polarized light offset 
from the circularly polarized light when being trans- 
mitted through and going out of the liquid crystal layer. 
The elliptically polarized light at this point has the 
phase at the time of incidence offset at 90 degrees. When 
being transmitted through the phase compensation element, 
the elliptically polarized light becomes linearly polar- 
ized light perpendicular to the transmission axis of the 
polarizer 6. 

In the case where mainly reflection-mode display 
is performed, such as, for example, when the reflective 
pixel electrodes are larger than the transmissive pixel 
electrodes, the k/4 wave plate 10 used for display in the 
transmission mode can stay as it is. 

As can be appreciated, even when the retardation 
remaining in the vertically aligned liquid crystal layer 
is not negligible, high contrast display is obtained in 
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the reflection mode by providing a phase compensation 
element in consideration of the retardation. 

In the case where the liquid crystal layer has a 
5 remaining retardation of a in the reflection mode and a 
remaining retardation of p in the transmission mode, a 
phase compensation element having a retardation of A/4-a 
can be provided in lieu of the X/4 wave plate 7 and a 
phase compensation element having a retardation of X/4- 
10 (p-a) can be provided in lieu of the X/4 wave plate 10. 



In the transmission mode using the light trans- 
mitted through a region having a transmission function 
such as the transmissive electrode region, when the 

15 liquid crystal molecules are aligned vertically to the 
substrates, a phase compensation element having a 
retardation of X/4- (p-a) is set so that the light going 
out of the liquid crystal layer is elliptically polarized 
light in the same state as in the reflection mode. The 

20 elliptically polarized light having such a phase differ- 
ence is incident on the phase compensation element having 
a retardation of A/4-a. Thus, when being transmitted 
through the phase compensation element having a retarda- 
tion of A/4.-^tz, the light becomes linearly polarized light 
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perpendicular to the transmission axis of the polarizer 
6. Accordingly, black display with very little optical 
leakage is obtained. 

As can be appreciated, even when the retardation 
remaining in the vertically aligned liquid crystal layer 
is not negligible, high contrast display is obtained in 
the reflection mode by providing a phase compensation 
element in consideration of the retardation. 

The LCD device in the fifth example uses a verti- 
cally aligned liquid crystal layer, but display is 
realized by the same principle using a horizontally 
aligned liquid crystal layer. In such a case, as a 
higher voltage is applied, the retardation by the liquid 
crystal layer is reduced. However, in the state where 
most of the liquid crystal molecules except for those in 
the vicinity of the substrates are vertical to the 
substrates when a voltage is applied, the liquid crystal 
molecules in the vicinity of the substrates hardly move 
due to the electric field. Accordingly, remaining 
retardation occurs due to these liquid crystal molecules 
in the vicinity of the substrates. As can be appreciat- 
ed, when the horizontally aligned liquid crystal layer is 
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used, optical leakage occurs during the black display and 
the contrast is reduced by the influence of the remaining 
retardation compared to when the vertically aligned 
liquid crystal layer is used. In order to realize the 
5 same quality of black display with the horizontally 
aligned liquid crystal layer as provided by the vertical- 
ly aligned liquid crystal layer, the liquid crystal 
molecules in the vicinity of the substrates need be 
aligned so as to interact the remaining retardations by 
10 the liquid crystal molecules, or a phase compensation 
element need be additionally provided. 

Figure 19 shows the relationship between the 
wavelength and the transmittance of the light in the 
15 black display in the transmission mode when the slower 
optic axes of the A/4 wave plates 7 and 10 are parallel 
to each other and the slower optic axes of the A/2 wave 
plates 11 and 12 are parallel to each other and when the 
slower optic axes of the A/4 wave plates 7 and 10 are 
20 parallel to each other and no A/2 wave plate is provided 
^ for comparison. 

As shown in Figure 19, black display with sub- 
stantially ^o optical leakage is realized by providing 
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the X/2 wave plates 11 and 12. 

Figure 20 shows the relationship between the 
wavelength and the transmittance of the light in the 
black display in the transmission mode when the slower 
optic axes of the X/A wave plates 7 and 10 are parallel 
to each other and the slower optic axes of the X/2 wave 
plates 11 and 12 are parallel to each other as in the 
fifth example and when the slower optic axes of the X/A 
wave plates 7 and 10 are perpendicular to each other and 
the X/2 wave plates 11 and 12 are perpendicular to each 
other for comparison. 

As shown in Figure 20, black display with sub- 
stantially no optical leakage is realized by setting the 
slower optic axes of the X/A wave plates 7 and 10 to be 
perpendicular to each other and also setting the slower 
optic axes of the X/2 wave plates 11 and 12 to be perpen- 
dicular to each other. 

< Embodiment 2> 

As described above, according to the first 
embodiment of the present invention, a transmission- and 
re fleet ion- type LCD device providing satisfactory display 
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quality is realized. Among the LCD devices operable both 
in the transmission mode and the reflection mode, the LCD 
device using a semi-transmissive and semi -reflective 
layer (Figure 8C) is inferior to the LCD device having a 
5 reflective region for performing display in a reflection 
mode and a transmission region for performing display in 
a transmission mode (Figure 8A) in the following point. 

^ When a semi-transmissive and semi-reflective 

10 layer formed of metal particles deposited in a very small 
!/T thickness is used, the metal particles need have a 

!L relatively large absorption coefficient. Accordingly, 

the internal absorption of the incident light is large, 
and a large percentage of incident light is absorbed or 

jLi., 

15 scattered and not used for display. Thus, the light 
utilization factor is relatively low (for example, in one 
model, 55% of the incident light is not used for dis- 
play). 

20 When a semi-transmissive and semi -reflective 

layer having microscopic holes and recesses (comprehen- 
sively referred to as "openings") is used, the structure 
of the layer is complicated and requires a precise 
production design. Therefore, it is difficult to control 
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-the thickness of the layer to be uniform. In other 
words, reproducibility of the electric characteristics 
and optical characteristics is not satisfactory. Thus, 
it is difficult to control the display quality of the LCD 
device . 

In the second embodiment, LCD devices having a 
transmissive region for performing display in the trans- 
mission mode and a reflective region for performing 
display in the reflection mode and characterized in the 
structure of the electrodes will be described* In the 
case where the electrode structure in the second embodi- 
ment and the phase compensation element in the first 
embodiment are combined, the display quality is further 
enhanced • 

An LCD device having a transmissive region and a 
reflective region utilizes ambient light or illuminating 
light with less loss and has a significantly higher light 
utilization factor compared to an LCD device using a 
half-mirror. A first conductive layer is formed of a 
transparent conductive material such as, for example, I TO 
or Sn0 2 . A second conductive layer is formed of Al, W, 
Cr or an aU<oy thereof. Since both the first and second 
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conductive layers can be formed of materials used for 
general reflective-type LCD devices and transmission-type 
LCD devices , the LCD device provides very stable display 
characteristics and reliability and is produced relative- 
5 ly easily. 



Furthermore, the LCD devices in the second 
™ embodiment solve the problem of the conventional 

jH! transmission- type LCD device that the visibility is 

^ 10 lowered due to the surface reflection when the ambient 

^ light is bright and also the problem of the conventional 

;L reflection- type LCD device that satisfactory display is 

not obtained due to the lowered brightness when the 
^ ambient light is dark* In the circumstances where a 

^ 15 sufficient power is provided, the backlight is utilized 

as the conventional transmission- type LCD devices. Thus, 
sufficient display is realized regardless of the ambient 
light intensity without requiring the dispersion in the 
utilization factor of the ambient light to be controlled 
20 as precisely as in the conventional reflection-type LCD 

- x devices. When used, the region including the first 

v. 
"x 

conductive layer having a relatively high transmittance 
and the region including the second conductive layer 
having a relatively high reflectance which are provided 
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in one pixel area complementarily contribute to display. 
Therefore, regardless of the ambient light intensity, 
clear images are displayed. 

5 When adopted in a viewfinder (monitoring screen) 

of a battery-driven digital camera or video camera, the 
LCD device in the second embodiment provides appropri- 
ately bright images, which are easy to observe, by 
adjusting the brightness of the backlight regardless of 
10 the ambient light intensity. 

Especially when used outdoors on a fine day, 
images provided by the conventional transmission- type LCD 
devices has a lower contrast even when the brightness of 

15 the backlight is raised. The quality of such images can 
be improved while reducing the power consumption by 
turning off the backlight and using the LCD device 
according to the present invention in the reflection 
mode, or by lowering the brightness of the backlight and 

20 using both the transmission mode and the reflection mode 
"•v. of the LCD device according to the present invention. 
When the LCD device is used indoors receiving bright 
sunlight, the reflection mode and the transmission mode 
can be switched in accordance with the direction of the 
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object, or both modes can be used together to provide 
easy- to- see display. When the monitoring screen receives 
the sunlight, the LCD device can be used in the same 
manner as used outdoors on a fine day* When the object 
is display from a dark corner of the room, the backlight 
can be turned on to use the LCD device in the transmis- 
sion mode. 

When adopted in a monitoring of an automobile- 
mounted car navigation device, the LCD device in the 
second embodiment provides appropriately bright images, 
which are easy to observe. The conventional automobile- 
mounted monitoring screen uses a backlight having a 
higher brightness than the backlight used in personal 
computers or the like in order to deal with the external 
light incident on the screen. However, the conventional 
automobile-mounted monitoring screen still has the 
problem of lowered contrast. In contrast, the backlight 
having such a high brightness is not suitable for display 
at night or in the tunnels. The LCD device in the second 
embodiment provides satisfactory display when the ambient 
light is bright by using the reflection mode together 
with the transmission light without setting the bright- 
ness of the^backlight high. In the darkness also, easy- 
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■bo-see display is provided by a brightness of only about 
50 to 100 cd/m 2 . 



In an LCD device in the second embodiment, a 
pixel electrode includes a first conductive layer having 
a relatively high light transmittance and a second 
conductive layer having a relatively high light 
reflectance, which are electrically connected to each 
other. Thus, a transmissive region for performing 
display in the transmission mode and a reflective region 
for performing display in the reflection mode are both 
included in one pixel area. 

The first conductive layer and the second conduc- 
tive layer are provided in separate layers with an 
insulating layer being interposed therebetween. The 
thickness of the liquid crystal layer can be adjusted by 
changing the thickness of the insulating layer between 
the transmissive region (for the first conductive layer) 
and in the reflective region ( for the second conductive 
layer). In this manner, the optical characteristics in 
the two regions can be matched to each other. During the 
production process, the two layers having different level 
of potentials are provided with the insulating layer 
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being interposed therebetween. Therefore, 
electrocorrosion is not caused with the developer used 
for forming the electrode by patterning or with the 
resist remover acting as the electrolyte. Accordingly, 
a highly reliable LCD device is obtained. 

When the two layers of the pixel electrode (e.g., 
lower layer of ITO and upper layer of Al) are sequential- 
ly formed with no insulating layer being interposed 
therebetween, the levels of potentials of the ITO layer 
and the Al layer are significantly different. Further- 
more, the thin films has many microscopic openings. 
Accordingly, the developer used for patterning or as a 
resist remover tends to act as an electrolyte to cause 
electrocorrosion. As a result, the ITO layer is eluted, 
thus causing pixel defects, line disconnections, and 
contamination of the liquid crystal layer. Since the 
insulating layer is provided between the two layers 
according to the present invention, the insulating layer 
acts as a protective layer to preventing invasion of the 
liquids, which causes electrocorrosion. 

Even when the two layers forming the pixel 
electrode have the relationship tending to cause 
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electrocorrosion, the two layers can be connected to each 
other via a third conductive layer for alleviating the 
properties of the two layers. Thus, insufficient connec- 
tion due to electrocorrosion and other inconveniences 
5 which deteriorate the reliability of the LCD device are 
prevented . 

In the case where one of the first , second and 
third conductive layers is formed of a part of the 
10 materials of the gate line or source line, the production 
process is simplified. 

The surface of the insulating layer on which the 
second conductive layer is to be formed can be formed 
15 wave-like. In such a case, the incident light is re- 
flected and scattered, resulting in a wider viewing 
angle. Thus, paper white display is realized without 
using an additional scattering plate. 

20 According to a method for producing an LCD device 

'■^ of the present invention, complicated production condi- 
tions which are required in the case of a conventional 
LCD device using a half -mirror are not necessary. 
General electrode materials and line materials and 
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general production conditions used for the conventional 
transmission- type LCD devices and reflection-type devices 
can be used* In consequence, the production is relative- 
ly easy and reproducibility is satisfactory. Even when 
the two layers forming the pixel electrode have the 
relationship tending to cause electrocorrosion, the two 
layers can be connected to each other via an insulating 
layer or a third conductive layer can be provided there- 
between. As a result, the two layers can be formed 
without direct contact or contact with liquids which tend 
to act as an electrolyte. Thus, electrocorrosion is 
prevented, and therefore the LCD device enjoys a high 
reliability and is produced at high efficiency. 

In the case where the step of removing the 
insulating layer in a contact area with the first and 
second conductive layers and the step of removing the 
insulating layer on a part of the first conductive layer 
are performed in the same step, the number of the steps 
is reduced while maintaining the reliability of the LCD 
device . 

( Example 6 ) 

An LCD device in a sixth example according to the 
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present invention will be described. 

Figure 21 is a plan view of an active matrix 
substrate of the LCD device in the sixth example corre- 
sponding to one pixel area. Figure 22 is a cross-sec- 
tional view of the LCD device taken along line 22-22 f in 
Figure 21. 

As shown in Figures 21 and 22, a plurality of 
gate lines 53 and a plurality of source lines 59a are 
provided so as to perpendicular to each other on a 
transparent insulating plate (not shown) formed of a 
glass or plastic material. A TFT 57 is provided in the 
vicinity of each of intersections of the gate lines 53 
and the source lines 59a. A drain electrode 59c of the 
TFT 57 is connected to a reflective electrode 61 and a 
transmissive electrode 58a which act as a pixel electrode 
together. A portion of the LCD device having the pixel 
electrode as a top layer thereof has a region T (trans- 
missive region) having a relatively high light 
transmittance and a region R (reflective region) having 
a relatively high light reflectance when seen from above 
the LCD device. 
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Although not shown, an alignment layer for 
aligning liquid crystal molecules is provided on the 
active matrix substrate shown in Figure 21. 

LCD devices in the sixth and the following 
examples includes the above-described active matrix 
substrate and a counter substrate including a transmis- 
sive electrode and an alignment layer. When necessary, 
a color filter, a phase compensation element or a polar- 
izer can be provided. 

The region T is rectangular and located at a 
center of the pixel electrode. In cross-section, the 
region T includes a plurality of layers formed of materi- 
als having a high light reflectance and also includes the 
transmissive electrode 58a as the top layer connected to 
the drain electrode 59c of the TFT 57. The region R 
surrounds the region T and includes the reflective elec- 
trode 61 as the top layer. The reflective electrode 61 
is formed of Al or an Al-containing alloy having a high 
light reflectance and connected to the drain electrode 
59c of the TFT 57. Due to such a structure, the region 
R can reflect the incident light. The reflective 
electrode 61, which has a wave-like surface, scatters 



- 161 - 



S98435 



incident light: to an appropriate range of directions. 

A liquid crystal material used in the LCD device 
in the sixth example is the guest-host liquid crystal 
material ZLI2327 (produced by Merck & Co., Inc. ) contain- 
ing a black pigment and also containing an optically 
active substance S-811 (produced by Merck & Co., Inc.) at 
a ratio of 0.5%. 

m 

As shown in Figure 22, the TFT 57 includes a gate 
insulating layer 54, a semiconductor layer 55, 
semiconductor contact layers 56a and 56b, a source 
electrode 59b, the drain electrode 59c, and a gate 
electrode 52 on which the above-mentioned elements are 
provided sequentially. The gate electrode 52 is branched 
from each of the gate lines 53 (Figure 21). 

The drain electrode 59c is connected to the 
transmissive electrode 58a which is a part of the pixel 
electrode in the region T. In the region R, an 
interlayer insulating layer 60 and the reflective elec- 
trode 61 are provided sequentially on the transmissive 
electrode 58a. The reflective electrode 61 is electri- 
cally connected to the transmissive electrode 58a through 
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a contact hole 63 formed in the interlayer insulating 
layer 60. The reflective electrode 61 and the transmis- 
sive electrode 58a form the pixel electrode for applying 
a voltage to the liquid crystal material. The transmis- 
sive electrode 58a and the reflective electrode 61 are 
not directly connected to each other but are connected 
via a conductive metal layer 62 formed of Ti. 

The transmissive electrode 58a can be covered 
with the interlayer insulating layer 60 when the reflec- 
tive electrode 61 is formed by patterning (a method for 
producing the LCD device will be described later in 
detail). Accordingly, 1T0 and Al cause electrocorrosion, 
thereby effectively preventing inconveniences such as 
line disconnection. In the case where the interlayer 
insulating layer 60 is formed on the transmissive elec- 
trode 58a with a relatively small thickness so as to 
completely cover the transmissive electrode 58a, 
electrocorrosion is prevented from occurring between ITO 
and Al after the LCD device is produced. 

In this example, the metal layer 62 is formed of 
Ti, but the same effect is obtained as long as the metal 
layer 62 is formed of a conductive material other than 
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Al, for example, Cr, Mo, Ta, or W. Alternatively, the 
reflective electrode 61 is formed of an Al-containing 
alloy containing a metal material added thereto having a 
higher potential than. Al, for example, W, Ni, Pd, V or 
Zr, in lieu of forming the metal layer 62. In this case 
also, the electrocorrosion between ITO and Al after the 
production of the LCD device is prevented. For example, 
the electrocorrosion is more effectively prevented by 
adding about 5.0 wt.% of W to Al. 

A method for producing the LCD device in this 
example will be described with reference to Figures 23A 
through 23E. 

As shown in Figure 23A, a conductive thin film is 
formed on the insulating plate 51 and patterned into a 
prescribed shape by photolithography, thereby forming the 
gate electrode 52 and the gate line (not shown). In this 
example, the insulating plate 51 is formed of glass, and 
the gate electrode 52 and the gate line are formed of Ta. 
The insulating plate 51 can be formed of plastics or the 
like in lieu of glass, and the gate electrode 52 and the 
gate line can be formed of other conductive materials 
such as, for example, Al, Cr, Mo, W, Cu, or Ti. 
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Next, as shown in Figure 23B, the gate insulating 
layer 54 of SiN x , the semiconductor layer 55 of a-Si, and 
a P-doped n*-a-Si layer for the semiconductor contact 
layers 56a and 56b are sequentially formed by CVD, and 
then patterned by photolithography. 

Then, a conductive layer is formed and patterned 
by photolithography into a prescribed shape, thereby 
forming the source line 59a, the source electrode 59b and 
the drain electrode 59c. The conductive layer is formed 
of a Cr-containing material in this example, but can be 
formed of other conductive materials such as, for exam- 
ple, Al, Mo, Ta, W, Cu or Ti. 

Then, as shown in Figure 23C, a light-transmis- 
sive conductive layer is formed and patterned by 
photolithography, thereby forming the transmissive 
electrode 58a. The transmissive electrode 58a is formed 
of I TO in this example. 

Then, a metal layer is formed and patterned by 
photolithography, thereby forming the metal layer 62. 
The metal layer 62 is used for connecting the transmis- 
sive electrode 58a and the reflective electrode 61 to be 
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formed later. The metal layer 62 is formed of Ti in this 
example, but can be formed of other conductive materials 
other than Ti such as, for example, Cr, Mo, Ta or W. 

Then, the P-doped n*-a-Si layer is etched using 
the source electrode 59b and the drain electrode 59c as 
masks, thereby forming the semiconductor contact layers 
56a and 56b. In this manner, the TFT 57 is completed. 

The source electrode 59b and the drain electrode 
59c can overlap the transmissive electrode 58a. 

Next, as shown in Figure 23D, the inter layer 
insulating layer 60 is formed. The interlayer insulating 
layer 60 is patterned by photolithography to form the 
contact hole 63 and to remove a part of the interlayer 
insulating layer 60 in the region T. Simultaneously, a 
surface of the interlayer insulating layer 60 in the 
region R (on which the reflective electrode 61 is to be 
formed) is formed wave- like. 

By removing the part of the interlayer insulating 
layer 60 in the region T, the transmittance of the region 
T can be improved. However, the interlayer insulating 

x 
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layer 60 is not: completely removed but remains at ±o a 
certain thickness. This prevents electrocorrosion when 
the reflective electrode 61 is formed by patterning. In 
other words, the orientation state of the liquid crystal 
5 molecules can be substantially the same within each pixel 
area. 

The surface of the interlayer insulating layer 60 
in the region R appears to have a plurality of round 

10 protrusions 64 when seen from above. In cross-section, 
the surface area of the interlayer insulating layer 60 
slowly fluctuates. When the reflective electrode 61 is 
formed on such a wave-like surface, the incident light is 
reflected by the wave-like surface of the reflective 

15 electrode 61 efficiently and scattered in an appropriate 
range of directions. The shape of the wave-like surface 
can be optimally determined in accordance with desired 
display characteristics. In the case where it is not 
necessary to scatter the light, the surface need not be 

20 wave-like. 

X 

The interlayer insulating layer 60 is formed of 
a single layer (thickness: 2.5 pm) of an organic resin in 
this example, but can be formed of a plurality of lami- 
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nated layers of different materials. A relatively thick 
single layer of an organic resin as in this example is 
advantageous in that generation of a parasitic capaci- 
tance is avoided even when the reflective electrode 61 
5 partially overlaps the TFT 57. As a result, the display 
quality is improved and the numerical aperture is raised. 
A relatively thick organic resin layer also facilitates 
formation of the wave-like surface. 

- f~2 

10 Alternatively, the interlayer insulating layer 60 

can be formed of a general inorganic layer such as, for 
1- example, SiN x . Such a layer is advantageous in obtaining 

'ft a high insulation although being relatively thin, but is 

^ disadvantageous in that formation of the wave- like 

? ~ 15 surface is difficult. When it is not necessary to form 

the wave-like surface due to the desired display charac- 
teristics, such a layer is preferable. 



As shown in Figure 23E, an Al layer is formed and 
20 patterned, thereby forming the reflective electrode 61 in 
'■^ the region R. The reflective electrode 61 is electrical- 
ly connected to the transmissive electrode 58a and the 
drain electrode 59c of the TFT 57 through the contact 
hole 63 and the metal layer 62. The reflective electrode 
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61 is formed of Al in this example, but can be formed of 
other Al -containing alloys or conductive materials having 
a high light reflectance. 

5 Thus, the active matrix substrate shown in 

Figures 21 and 22 is completed. 

Although not shown, an alignment layer is formed 
on top of the active matrix substrate. The active matrix 
substrate equipped with the alignment layer is combined 
with a counter substrate including a transmissive elec- 
trode and equipped with an alignment layer. A liquid 
crystal material is injected into the gap between the two 
substrates. Thus, the LCD device in the sixth example is 
completed. When necessary, a color filter or a phase 
compensation element can be added. 

As described above, a liquid crystal material 
used in the LCD device in this example is the guest-host 
20 liquid crystal material 2LI2327 (produced by Merck & Co., 
'■^ Inc. ) containing a black pigment and also containing an 
optically active substance S-811 (produced by Merck & 
Co., Inc.) at a ratio of 0.5%. 
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In "this example, the satisfactory display charac- 
teristics is obtained by setting the area ratio to the 
region T: region T=40:60. The area ratio is not limited 
to this but can be appropriately changed in accordance 
5 with the transmittance and reflectance of the regions T 
and R and the use of the LCD device. In this example, 
only one region T is provided at the center of the pixel 
area. A plurality of regions T can be provided, and the 
region T can be of any other shape. 

10 

In the LCD devices in the second embodiment, a 
pixel electrode includes a region T having a relatively 
high light transmittance located at a center thereof and 
a region R having a relatively high light reflectance 

15 arranged around the region T. Due to such a structure, 
the LCD device utilizes ambient light and illuminating 
light with less loss compared to the conventional LCD 
devices using a half -mirror. Moreover, the LCD devices 
in the second embodiment solve the problem of the conven- 

20 tional transmission- type LCD device that the visibility 

^- is lowered due to the surface reflection when the ambient 

v.. 

light is bright and also the problem of the conventional 
reflection-type LCD device that satisfactory display is 
not obtained due to the lowered brightness when the 
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ambient light is dark. In other words, the LCD devices 
in the second embodiment provide satisfactory display- 
regardless of the ambient light intensity without requir- 
ing the dispersion in the light utilization factor due to 
5 the dispersion in the reflection characteristics to be 
controlled as precisely as in the case of the convention- 
al reflection- type LCD devices. 

The LCD device in this example can be produced 
10 with the general electrode and line materials and condi- 
tions used in the conventional transmission- type LCD 
devices and reflection- type LCD devices. The complicated 
conditions required for the conventional LCD devices 
using a half -mirror are not necessary. Accordingly, the 
15 LCD device in this example is produced relatively easily 
with satisfactory reproducibility. Moreover, the display 
characteristics, which are difficult with the conven- 
tional LCD devices using a half-mirror, can be performed 
relatively easily. 

20 

^ (Example 7) 

An LCD device in a seventh example according to 
the present invention will be described. 
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Figure 24 is a plan view of an active matrix 
substrate of the LCD device in the seventh example corre- 
sponding to one pixel area. Figure 25 is a cross-sec- 
tional view of the LCD device taken along line 25-25' in 
Figure 24. 

The LCD device in the seventh example is differ- 
ent from the LCD device in the sixth example in the 
structure regarding the electric connection between the 
reflective electrode 61 as a part of the pixel electrode 
and the TFT 57 and the production method regarding the 
structure . 

As shown in Figures 24 and 25, the drain elec- 
trode 59c of the TFT 57 is connected to the transmissive 
electrode 58a. The transmissive electrode 58a acts as a 
part of the pixel electrode for applying a voltage to the 
liquid crystal material in the region T. In the region 
R, the inter layer insulating layer 60 and the reflective 
electrode 61 are provided on the transmissive electrode 
58a. The reflective electrode 61 is directly connected 
to the drain electrode 59c through the contact hole 63. 
The reflective electrode 61 also acts as a part of the 
pixel electi^>de. As in the sixth example, the transmis- 
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sive electrode 58a formed of ITO is not directly connect- 
ed to the reflective electrode 61 formed of Al. Due to 
such a structure, the TFT 57 is electrically connected to 
these materials with certainty without any undesirable 
possibility of electrocorrosion or the like, while 
utilizing the high reflectance of the ambient light in 
the region R and the high transmittance of the light from 
the backlight in the region T. 

In this example, the electrocorrosion of ITO and 
Al is prevented. The present invention is effectively 
applicable to any combination of different materials 
which tend to cause electrocorrosion. 

Hereinafter, the active matrix substrate shown in 
Figures 24 and 25 will be described. 

The process until the semiconductor layer 55 and 
a layer to be the semiconductor contact layers 56a and 
56b are formed is performed in the same manner as in the 
sixth example. 

Then, a conductive layer is formed and patterned 
by photolitt^pgraphy, thereby forming the source line 59a, 
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the source electrode 59b, the drain electrode 59c and a 
connecting metal layer 59d. The conductive layer is 
formed of a Cr-containing material in this example, but 
can be formed of other conductive materials such as, for 
example, Al, Mo, Ta, W, Cu or Ti. 

Then, the transmissive electrode 58a is formed so 
as to partially overlap the connecting metal layer 59d. 
Alternatively, the connecting metal layer 59d can par- 
tially overlap the transmissive electrode 58a, In this 
example also, the transmissive electrode 58a is formed of 
ITO. 

The source line 59a, the source electrode 59b, 
the drain electrode 59c and the connecting metal layer 
59d can be formed on the transmissive electrode 58a. 

Then, the inter layer insulating layer 60 is 
formed in the same manner as in the sixth example, and is 
patterned by photolithography to form the contact hole 63 
and to remove a part of the inter layer insulating layer 

60 in the region Ti Then, the reflective electrode 61 is 
formed. In this example also, the reflective electrode 

61 is forme^ of Al . 
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As can be appreciated, in this example , the 
transmissive electrode 58a formed of ITO is not directly 
connected to the reflective electrode 61 formed of Al. 
Due to such a structure, generation of malfunction due to 
electrocorrosion between ITO and Al is prevented at the 
contact portion, thus to improve the reliability. The 
metal layer 62 , which is formed of the same material of 
the source electrode 59b, can be formed relatively 
easily. 

( Example 8 ) 

In an eighth example, another methods for produc- 
ing the LCD device described in the seventh example will 
be described with reference to Figure 26A through 26C. 

Figures 26A through 26C, corresponding to Figure 
25, are cross-sectional views illustrating a method for 
producing the LCD device described in the seventh exam- 
ple. 

The process until the formation of the interlayer 
insulating layer 60 is performed as described in the 
seventh example. 
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Then, as shown in Figure 26A, a part of the 
interlayer insulating layer 60 is removed by 
photolithography, thereby forming the contact hole 63. 
In the same step, the surface of the interlayer insulat- 
ing layer 60 in the region R is formed wave-like so that 
the incident light is scattered by the surface. Unlike 
the seventh example, a part of the interlayer insulating 
layer 60 in the region T is not removed. 

On the surface of the interlayer insulating layer 
60, an Al layer or an Al-containing alloy layer is 
formed. The interlayer insulating layer 60 is formed of 
a single organic resin layer in this example, but can be 
formed of a plurality of layers of different materials. 
The surface of the interlayer insulating layer 60 need 
not be wave-like. 

Then, as shown in Figure 26B, the Al layer is 
patterned by photolithography, thereby forming the 
reflective electrode 61. 

Next, as shown in Figure 26C, the interlayer 
insulating layer 60 is removed in a part or the entirety 
of the region T. 
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In this manner, the active matrix substrate shown 
in Figures 24 and 25 is completed. 

An LCD device having such an active matrix 
substrate is operable both in the transmission mode and 
the reflection mode simultaneously. The reflective 
electrode 61 formed of Al and the transmissive electrode 
58a formed of ITO are not directly connected to each 
other after the LCD device is completed and thus do not 
cause electrocorrosion. Therefore, malfunction by 
elect rocorrosion is prevented, thus improving the 
reliability of the LCD device. During the production 
process also, electrocorrosion is prevented since the 
transmissive electrode 58a is not exposed to an etchant 
while the reflective electrode 61 is formed by pattern- 
ing. 

( Example 9 ) 

An LCD device in a ninth example according to the 
present invention will be described. 

v. 

The LCD device in the ninth example is different 
from the LCD device in the seventh and eighth examples in 
the order of forming the transmissive electrode 58a and 
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the drain electrode 59c and in the step of forming the 
contact hole 63. 

Figures 27 A through 27C, corresponding to Figure 
25, are cross-sectional views illustrating a method for 
producing the LCD device in the ninth example. 

The process until the formation of a layer to be 
the semiconductor contact layers 56a and 56b is performed 
as described in the sixth and seventh examples. 

As shown in Figure 27A, a light- transmissive 
conductive layer is formed and patterned by 
photolithography, thereby forming the transmissive 
electrode 58a. In this example, the transmissive 
electrode 58a is formed of ITO. 

Then, a conductive layer is formed and patterned 
by photolithography, thereby forming the source line 59a, 
the source electrode 59b, the drain electrode 59c, the 
connecting metal layer 59d, and a metal layer 59e for the 
region T. The source electrode 59b is branched from the 
source line 59a. The drain electrode 59c, the connecting 
metal layer 59d and the metal layer 59e for the region T 
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are electrically connected to one another. The conduc- 
tive layer is formed of a Ta-containing material in this 
example, but can be formed of other conductive materials 
such as, for example, Al, Cr, Mo, W, Cu or Ti. 

5 

Then, etching is performed using the source 
electrode 59b and the drain electrode 59c as masks, 
thereby forming the semiconductor conduct layers 56a and 
56b* Thus, the TFT 57 is completed. 

10 

Next, the interlayer insulating layer 60 is 
formed. The contact hole 63 is formed and also a part of 
the interlayer insulating layer 60 in the region T is 
removed by photolithography. In the same step, the 

15 surface of the interlayer insulating layer 60 in the 
region R is formed wave-like so as to scatter the inci- 
dent light. On the surface, an Al layer or an Al-con- 
taining alloy layer is formed. The interlayer insulating 
layer 60 is formed of a single organic resin layer in 

20 this example, but can be formed of a plurality of layers 
of different materials. The surface of the interlayer 
insulating layer 60 need not be wave-like. 

As shown in Figure 27B, the Al or Al-containing 
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alloy layer is formed by photolithography, thereby 
forming the reflective electrode 61. 

Then, as shown in Figure 27C, the layer 59e in 
the region T is partially or entirely removed by 
photolithography or by etching using the reflective 
electrode 61 as a mask. Alternatively, the layer 59e can 
be etched while the reflective electrode 61 is formed by 
patterned by etching. 

As described above, in this example, the reflec- 
tive electrode 61 formed of Al is not directly connected 
to the transmissive electrode 58a formed of ITO. Accord- 
ingly, electrocorrosion between Al and ITO is prevented 
after the LCD device is completed, and thus malfunction 
by electrocorrosion is also prevented, thus to improve 
the reliability. During the production process also, 
electrocorrosion is prevented since the transmissive 
electrode 58a is not exposed to an etchant while the 
reflective electrode 61 is formed by patterning. 

(Example 10) 

An LCD device in a tenth example according to the 
present invention will be described. 



- 180 - 



S98435 



The LCD device in the tenth example is different 
from the LCD device in the seventh and eighth examples in 
that the structure of the transmissive electrode 58a and 
the TFT 57 and in the step forming the contact hole 63, 

5 

Figures 28A through 28C, corresponding to Figure 
25, are cross-sectional views illustrating a method for 
producing the LCD device in the tenth example. 

10 The process until the formation of a layer to be 

the semiconductor contact layers 56a and 56b is performed 
as described in the sixth and seventh examples. 

As shown in Figure 28 A, a light -transmissive 
15 conductive layer and a metal layer are sequentially 
formed. The metal layer is patterned by 

photolithography, thereby forming an upper half of the 
source line 59a, an upper half of the source electrode 
59b, an upper half of the drain electrode 59c, the 
20 connecting metal layer 59d, and the metal layer 59e for 
^ the region T. Then, the light-transmissive conductive 
layer is patterned in the same patterns as those of the 
source line 59a, an upper half of the source electrode 
59b, an up^er half of the drain electrode 59c, the 
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connecting metal layer 59d, and the metal layer 59e. 
Thus, a lower half of the source line, a lower half of 
the source electrode 58b, a lower half of the drain 
electrode 58c, and the transmissive electrode 58a. 

As can be appreciated from the above, the source 
line, the source electrode and the drain electrode have 
a two-layer structure. Even when a disconnection or any 
other malfunction occurs in one of the two layers, a 
normal signal is sent through the other layer, thus 
realizing normal display. 

In this example, the light- transmissive conduc- 
tive layer is formed of ITO and the metal layer is formed 
of a Ta-containing material. The light-transmissive 
conductive layer can be etched successively from the 
metal layer or can be etched, after the mask for the 
metal layer is removed, using a separate mask. 

Next, etching is performed using the source 
electrode 59b/58b and the drain electrode 59c/58c as 
masks, thereby forming the semiconductor contact layers 
56a and 56b. Thus, the TFT 57 is completed. 
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Then, the interlayer insulating layer 60 is 
formed. The contact hole 63 is formed and also a part of 
the interlayer insulating layer 60 in the region T is 
removed by photolithography. In the same step, the 
surface of the interlayer insulating layer 60 in the 
region R is formed wave-like so as to scatter the inci- 
dent light. On the surface, an Al layer or an Al-con- 
taining alloy layer is formed. The interlayer insulating 
layer 60 is formed of a single organic resin layer in 
this example, but can be formed of a plurality of layers 
of different materials. The surface of the interlayer 
insulating layer 60 need not be wave-like. 

As shown in Figure 28B, the Al or Al -containing 
alloy layer is formed by photolithography, thereby 
forming the reflective electrode 61. 

Then, as shown in Figure 28C, the layer 59e in 
the region T is partially or entirely removed by 
photolithography or by etching using the reflective 
electrode 61 as a mask. Alternatively, the layer 59e can 
be etched while the reflective electrode 61 is formed by 
patterned by etching. 
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As described above, in this example, the reflec- 
tive electrode 61 formed of Al is not directly connected 
to the transmissive electrode 58a formed of ITO. Accord- 
ingly, electrocorrosion between Al and 1TO is prevented 
after the LCD device is completed, and thus malfunction 
by electrocorrosion is also prevented, thus to improve 
the reliability. During the production process also, 
electrocorrosion is prevented since the transmissive 
electrode 58a is not exposed to an etchant while the 
reflective electrode 61 is formed by patterning. 
Furthermore, since the pixel electrode (transmissive 
electrode 58a) is formed in the same step as the other 
lines and electrodes, the production method is simpli- 
fied. 

The pixel electrode (transmissive electrode 58a) 
is formed in the same step as the source line, the source 
electrode and the drain electrode in this example, but 
can be formed in the same step as the gate line and the 
gate electrode. In lieu of the transmissive electrode 
58a, the reflective electrode can be formed in the same 
step as the other lines and electrodes. 
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(Example 11) 

An LCD device in an eleventh example according to 
the present invention will be described. Also described 
is a structure of a terminal section and a method for 
5 forming the same. 

The LCD device in the eleventh example is differ- 
ent from the LCD device in the sixth through tenth exam^- 
ples in that the transmissive electrode 58a is provided 
10 in the same layer as the gate electrode and the gate 
line. 



Figures 29A through 29C are cross -sectional views 
illustrating a method for producing the LCD device in the 

15 eleventh example, especially the active matrix substrate 
and the terminal section of the LCD device. Figure 29A, 
corresponding to Figure 25, shows a structure of a 
display section of the LCD device. Figure 30 is a plan 
view of the LCD device in the eleventh example. Figure 

20 29B, which is a cross-sectional view of the LCD device 
^ x taken along line 29B-29B' in Figure 30, shows a terminal 
structure of a gate terminal section. Figure 29C, which 
is a cross-sectional view of the LCD device taken along 
line 29C-29C^in Figure 30, shows a terminal structure of 
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a source terminal section. 

As shown in Figure 29A, the TFT 57 is provided on 
the insulating plate 51. The transmissive electrode 58a 
is provided in the same layer as the gate electrode 52 of 
the TFT 57 and the gate line (not shown). The drain 
electrode 59c is connected to the reflective electrode 61 
through the contact hole 63 in the interlayer insulating 
layer 60 and also connected to the transmissive electrode 
58a through a contact hole 63 formed in the gate insulat- 
ing layer 54. 

According to such a structure , after the trans- 
missive electrode 58a is formed but before the reflective 
electrode 61 is completely formed in the same pixel area 
as the transmissive electrode 58a, at least the transmis- 
sive electrode 58a is covered with the gate insulating 
layer 54. Therefore, generation of electrocorrosion due 
to the potential difference between the electrode 58a and 
61 is prevented. 

In the gate and source terminal sections shown in 
Figure 29B and 29C also, a gate line (70 and 53) and a 
source line 71 which are formed in the same layer as the 
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transmissive electrode 58a are covered with the gate 
insulating layer 54 and the interlayer insulating layer 
60. Accordingly, the gate line (70 and 53) and the 
source line 71 are covered with the insulating layers 
until the reflective electrode 61 is completely formed on 
the interlayer insulating layer 61. Thus, 
electrocorrosion between the gate line 70+53/source line 
71 and the reflective electrode 61 formed of different 
metal materials is prevented. 

With reference to Figures 31A through 31E and 32A 
through 32C, a method for producing the LCD device in the 
eleventh example will be described regarding the display 
section. 

As shown in Figure 31A, a light-transmissive 
conductive layer is formed on the insulating plate 51 and 
patterned by photolithography, thereby forming the 
transmissive electrode 58a. In this example, the insu- 
lating plate 51 is formed of glass, and the transmissive 
electrode 58a is formed of ITO. 

Then, the gate electrode 52 and the gate line 
(not shown), are formed by forming a layer on the insulat- 
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ing plate 51 and patterning the layer by 
photolithography. The gate electrode 52 and the gate 
line are formed of a Ta-containing material in this 
example, but can be formed of other conductive materials 
such as, for example, Al, Cr, Mo, W, Cu or Ti. 

The gate electrode 52 and the gate line can be 
formed before the transmissive electrode 58a. 

Then, as shown in Figure 31B, the gate insulating 
layer 54 of SiN x , the semiconductor layer 55 of a-So, and 
a P-doped n + -a-So layer for the semiconductor contact 
layers 56a and 56b are sequentially formed by CVD, and 
then patterned by photolithography. 

The contact hole 63 is formed in the gate 
insulating layer 54 for electrically connecting the 
transmissive electrode 58a and the drain electrode 59c to 
be formed later to each other. 

The gate insulating layer 54 on the gate terminal 
^Figure 29B) and the source terminal (Figure 29C) in the 
gate and source terminal sections can be removed in the 
same step. . 
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Next, as shown in Figure 31C, a conductive layer 
is formed and patterned by photolithography, thereby 
forming the source line 59a, the source electrode 59b and 
the drain electrode 59c, The conductive layer is formed 
of a Cr-containing material in this example, but can be 
formed of other conductive materials such as, for exam- 
ple, Al, Mo, Ta, W, Cu or Ti. 

Then, etching is performed using the source 
electrode 59b and the drain electrode 59c, thereby 
forming the semiconductor contact layers 56a and 56b, 
Thus, the TFT 57 is completed. 

As shown in Figure 31D, the interlayer insulating 
layer 60 is formed, and the contact hole 63 is formed in 
the interlayer insulating layer 60 by photolithography. 
A part of the interlayer insulating layer 60 in the 
region T is not removed in this step, but after the 
reflective electrode 61 is formed. 

As shown in Figure 31E, the surface of the 
interlayer insulating layer 60 is formed wave- like by 
photolithography . 
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The interlayer insulating layer 60 is formed of 
a single layer of an organic insulating material in this 
example, but can be formed of a plurality of layers of 
different materials. The surface of the interlayer 
insulating layer 60 need not be wave-like. 

Then, as shown in Figure 32A, a conductive layer 
having a relatively high reflectance is formed on the 
surface of the interlayer insulating layer 60. 

As shown in Figure 32B, the conductive layer is 
patterned by photolithography, thereby forming the 
reflective electrode 61. The reflective electrode 61 is 
not formed at least in the region T. 

Then, as shown in Figure 32C, the part of the 
interlayer insulating layer 60 in the region T is re- 
moved. A part of the gate insulating layer 54 in the 
region T is also removed. Both the insulating layers 54 
and 60 are preferably removed from the region T since the 
layers may undesirably cause a voltage drop, thus pre- 
venting sufficient voltage to the liquid crystal materi- 
al. Especially in the case where a voltage is applied 
across the liquid crystal material by the transmissive 
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electrode 58a and the reflective electrode 61 which are 
electrically connected to each other, the existence of 
the insulating layers in the region T causes a difference 
between the voltages applied across the liquid crystal 
5 material in the region T and the region R and thus is not 
preferable. 

In this manner, the active matrix substrate shown 
in Figure 29A is completed. 

10 

An alignment layer is formed on the active matrix 
substrate, and alignment treatment is performed to the 
alignment layer when necessary. Then, the active matrix 
substrate is combined with a counter electrode. A liquid 
15 crystal material is injected into the gap between the 
substrates. Thus, the LCD device in the eleventh example 
is completed. 

With reference to Figures 33A through 33F, a 
20 method for forming the gate terminal section will be 
described. The gate terminal section can be formed in 
the same steps as those of the display section. 

As . shown in Figure 33A, a light-transmissive 
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conductive layer acting as a lower layer 70 of the gate 
line is formed on the insulating plate 51. In the same 
step, the transmissive electrode 58a (Figure 31a) is 
formed in the display section. An upper layer 53 of the 
gate line is formed on the lower layer 70. Thus, the 
lower layer 70 and the upper layer 53 of the gate line 
are electrically connected to each other (corresponding 
to the step shown in Figure 31A). 

As shown in Figure 33B, the gate insulating layer 
54 is formed on the gate line and the gate terminal 
( corresponding to the step shown in Figure 31B ) . A part 
of the gate insulating layer 54 on the gate terminal is 
not removed in this step but later. 

Then, the TFT 57 is completed in the display 
section ( Figure 31C ) . 

As shown in Figure 33C, the inter layer insulating 
layer 60 is formed on the gate insulating layer 54 
(corresponding to the step shown in Figure 31D). 

As shown in Figure 33D, a conductive layer used 
for the reflective electrode 61 is formed on the 
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interlayer insulating layer 60 (corresponding to the step 
shown in Figure 32A). 

As shown in Figure 33E, the conductive layer is 
patterned to form the reflective electrode 61 (Figure 
32B) in the display section. Accordingly , a part of the 
conductive layer in the gate terminal section is removed. 

As shown in Figure 33F, a part of the gate 
insulating layer 54 and a part of the interlayer insulat- 
ing layer 60 which are on the gate terminal are removed. 
In the same step, the part of the gate insulating layer 
54 and the interlayer insulating layer 60 in the region 
T are removed in the display section (Figure 32C). 

As described above, in the gate terminal section 
as well as in the display section, the terminal and the 
gate line are covered with the gate insulating layer 54 
and the interlayer insulating layer 60 until the reflec- 
tive electrode 61 is completely formed. Thus, 
electrocorrosion between the gate terminal/gate line and 
the reflective electrode 61 formed of different metal 
materials is prevented. 



\ 
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The source terminal section (Figure 29C) can be 
formed in the same manner in the same steps as those of 
the display section. Thus, electrocorrosion is prevent- 
ed. 

In the case where, in the display section, the 
gate electrode 52 and the gate line are formed before the 
transmissive electrode 58a, electrocorrosion is effec- 
tively prevented. Figure 34A shows a cross-sectional 
view of the gate terminal section formed in this manner, 
and Figure 34B shows a cross-sectional view of the source 
terminal section formed in this manner. Both the gate 
line and the source both have a two- layer structure 
formed of a gate or source material and a transmissive 
material . 

In this structure also, the gate and source lines 
are covered with at least by a gate insulating layer 
until the reflective electrode is completely formed. 
Thus, electrocorrosion is effectively prevented. 

(Example 12) 

After the step described with reference to Figure 
31C, the steps shown in Figures 35A through 35C can be 
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alternatively used. Electrocorrosion is effectively 
prevented in such a method. 

As shown in Figure 35A, the interlayer insulating 
layer 60 is formed. The contact hole 63 is formed in the 
interlayer insulating layer 60 by photolithography. In 
the same step, a part of the interlayer insulating layer 
60 in the region T is removed. The surface of the 
interlayer insulating layer 60 is formed wave-like. 

Next, as shown in Figure 35B, a conductive layer 
is formed on the surface of the interlayer insulating 
layer 60. 

As shown in Figure 35C, the conductive layer is 
patterned so as to remove a part thereof in the region T, 
thereby forming the reflective electrode 61. 

According to such a method, the transmissive 
20 electrode 58a is covered with the gate insulating elec- 
> trode 54 until the reflective electrode 61 is completely 
formed. Thus, electrocorrosion between the reflective 
electrode 61 and the transmissive electrode 58a which are 
formed of . different metal materials is effectively 
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prevented. However, the transmissive electrode 58a is 
covered only by the gate insulating layer 54 in this 
method. Accordingly, the method described with reference 
to Figures 31A through 31E and 32A through 32C is more 
5 effective in preventing electrocorrosion. 

Since the part of the interlayer insulating layer 
60 in the region T is removed in the same step of forming 
the contact hole 63 , the number of steps is reduced 
10 compared to the method described above with reference to 
Figures 31A through 31E and 32A through 32C. 

( Example 13 ) 

An electrode structure for matching the electro- 
15 optical characteristics of the reflective region and the 
transmissive region in a transmission- and reflection- 
type LCD device according to the present invention will 
be described . There are two methods for matching the 
electro-optical characteristics ( voltage-brightness 
20 characteristics) of the reflective region and the 
transmissive region. According to one method, the 
thickness of the liquid crystal layer in the reflective 
region is changed from the thickness of the liquid 
crystal in, the transmissive region. According to the 
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other method, different levels of voltages are applied 
across the liquid crystal layer in the reflective region 
and the transmissive region. 

The first method will be described with reference 
to Figure 36. Figure 36 schematically shows a cross- 
sectional view of one pixel area of the LCD device 
according to the present invention. The LCD device 
includes a counter substrate including a color filter 
layer and a transmissive electrode (counter electrode), 
another substrate including a reflective region 90R and 
a transmissive region 90T, and a liquid crystal layer 
interposed between the two substrates. The transparent 
electrode is provided in the vicinity of the liquid 
crystal layer, and the color filter layer is provided 
outside the transparent electrode with respect to the 
liquid crystal layer. The reflective region 90R and the 
transmissive region 90T are provided in the vicinity of 
the liquid crystal layer. Needless to say, the color 
filter can be eliminated. 

The reflective region 90R includes a transmissive 
electrode 78 (e.g., ITO), a reflective layer 79 (e.g., 
Al), and a transparent interlayer insulating layer 80 



- 197 - 



S98435 



(e.g., polymeric resin) provided on the reflective layer 
79. The transmissive region 90T includes the transmis- 
sive electrode 78. The thickness dr of the liquid 
crystal layer in the reflective region 90R and the 
thickness dt of the liquid crystal layer in the 
transmissive region 90T are independently adjusted by 
changing the thickness of the interlayer insulating layer 
80 in each region. 

Light used for display in the transmissive region 
is transmitted once through the liquid crystal layer 
having a thickness of dt, whereas light used for display 
in the reflective region is transmitted twice through the 
liquid crystal layer having a thickness of dr. In order 
to match the retardation by the liquid crystal layer in 
the reflective region with the retardation by the liquid 
crystal layer in the transmissive region, the thicknesses 
dt and dr are preferably set so as to achieve the rela- 
tionship dt=2-dr. For display in the reflective region, 
however, light incident on the reflective layer 79 at an 
angle as indicated by dashed arrows is also used. 
Therefore, the relationship dt>2 *dr is more preferable. 

The second method will be described with refer- 
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ence to Figures 37A, 37B, 38A and 38B. Figure 37A is a 
cross-sectional view of one pixel area of the LCD device 
according to the present invention. Figure 37B is a 
graph illustrating the electro-optical characteristics of 
the LCD device shown in Figure 37A. 

As shown in Figure 37A, the LCD device includes 
a counter substrate including a transmissive electrode 
( counter electrode ) , another substrate including a 
reflective region 90R and a transmissive region 90T, and 
a liquid crystal layer interposed between the substrates. 
The counter electrode is provided in the vicinity of the 
liquid crystal layer, and the reflective region 90R and 
the transmissive region 90T are provided in the vicinity 
of the liquid crystal layer. 

The reflective region 90R includes a transmissive 
electrode 88 (e.g., ITO), a reflective electrode 89 
(e.g., Al), and a transparent interlayer insulating layer 
100 (e.g., polymeric resin) provided on the transmissive 
layer 88. Since the thickness of the reflective elec- 
trode 89 is smaller than the thickness of the liquid 
crystal layer, the thickness of the liquid crystal layer 
is substantially the same in the reflective region 90R 
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and the transraissive region 90T* Accordingly, the 
retardation by the liquid crystal layer is different 
between the reflective region 90R and the transmissive 
region 90T. As a result, the electro-optical character- 
istics in the reflective region 90R and the transmissive 
region 90T are different as shown in Figure 37B. 

This phenomenon will be described with reference 
to Figures 38A and 38B. Figure 38A schematically shows 
a cross -sectional view of one pixel area of the LCD 
device, which is different from the LCD device shown in 
Figure 37A in that the latter does not include an 
interlayer insulating layer. Figure 38B is a graph 
illustrating the electro-optical characteristics of the 
LCD device shown in Figure 38A. In the LCD device shown 
in Figure 38A, the thickness of the liquid crystal layer 
is substantially the same in the reflective region 90R 
and the transmissive region 90T* An identical level of 
voltage is applied across the liquid crystal layer by a 
transmissive electrode 88a and a reflective electrode 89a 
in the reflective region 90R and in the transmissive 
region 90T. Accordingly, the retardation by the liquid 
crystal layer is significantly different between in the 
reflective region 90R and the transmissive region 90T. 
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Therefore, the electro-optical characteristics are 
significantly different in the reflection mode and the 
transmission mode. 

In contrast , in the LCD device shown in Figure 
37A, the voltage is applied across the liquid crystal 
layer by the transmissive electrode 88 in the transmis- 
sive region 90T through the interlayer insulating layer 
100. The interlayer insulating layer 100 separates the 
capacitance. Even when the same level of voltage is 
supplied from a driving circuit (not shown) to the 
transmissive electrode 88 and the reflective electrode 
89, the voltage applied in the transmissive region 90T is 
smaller than the voltage applied in the reflective region 
90R. Therefore, as shown in Figure 37B, the voltage- 
brightness curve in the transmission mode is shifted 
toward the higher voltage, i.e., closer to the voltage- 
brightness curve in the reflection mode. As can be 
appreciated from this, the voltage-brightness 
characteristics in the reflection mode and transmission 
mode can be matched to each other by adjusting the 
thickness, and/or the dielectric constant of the 
interlayer insulating layer 100. 
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The structure in which the thickness of the 
liquid crystal layer in the transmissive region and the 
reflective region are adjusted can also be applied to the 
electrode structure shown in Figure 22. 

5 

Various other modifications will be apparent to 
and can be readily made by those skilled in the art 
without departing from the scope and spirit of this 
invention. Accordingly, it is not intended that the 
10 scope of the claims appended hereto be limited to the 
description as set forth herein , but rather that the 
claims be broadly construed. 
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